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Novel Power Plant 


r PO LET the oceun, waves do £ 'I TT T T^y • 

>, he a w< T k , of man bv p T rovid ‘ ^ c 2 . W 3vcs to Drive 

®g hydroelectric power, Lieut- » J 
*nant Commander Lvhrand * — * 

Smith, of the Navy Depart- 
ment's Bureau of Engineering, 

■•s designed an amazingly in- 
ff'uious battery of hydraulic rams, illus- 
hated by this schematic drawing and the 
•eeompanying diagram. 

The drive of the waves into the great 
funnels forces the water through pipes 
*>' the cliff into the long flume along the 


edge of the cliff. This flume' carries the 
water into the reservoir, from which the 
accumulated water jaiurs down larger pi[>es 
with sufficient force to operate the gener- 
ating machinery in the power house la-low. 

The hydraulic rams operate hydraulic 


jacks which arc simply talves so 
arranged that the water forced 
into them by each successive 
wave does not fall back when 
the wave's strength is spent, but 
is locked in to remuin until more 
water is forced in by the next 
wave. Each valve, like a door that opens 
hut one way, is pushed open by the wa- 
ter's force. When the force is exhausted 
the weight of the water closes the valve, 
holding it shut until the next wave 
presses hard enough to o|K-n it. 
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Toribio Bellocq: Wave Pump 


The Bellocq Wave Pump was the first new mechanical principle to be discovered in 
the 20th century (Wilkes' Rolamite was the second). It defies Toricelli's Law by 
utilizing pressure waves rather than suction to pull water higher than 30 feet (the 
pump is located at the surface, not at the bottom of the well). The technology is very 
efficient and requires little power. In practice, it is possible to expel during each 
stroke of the piston a volume of liquid about 17 times as large as the volume displaced 
by the piston (about 5,000 liters/hour in the preferrred embodiment described in the 
patent). 

Plus: US Patents for very similar acoustic wave pumps invented later by Arthur P. 
Bentley & Albert G. Bodine. 

Thanks to RexResearch.com 


{Popular Science, ca. 1930) 

"New Pump Beats Natural Laws in Raising Water" 

Following the example of the United States Patent Office, 1 8 countries have issued patents to an 
Argentinian inventor upon an amazing pump that seems to violate natural laws. By creating waves in a 
pipeful of water, it makes the liquid run uphill. 

When the inventor, Toribio Bellocq, applied for a US patent on a pump to be mounted on top of a well and 
to draw water up from almost unlimited depths, officials pointed out that his device apparently would have 
to defy the law of gravitation. Every high school student knows that by no effort can a pump suck water 
higher than approximately 33 feet. This is the limit at which the weight of an imprisoned column of water 
balances the atmospheric pressure outside. To force water higher from its source, authorities have always 
agreed that it must be pushed from below. Therefore Bellocq's "wave pump" seemed in a class with 
perpetual motion machines, which are not patentable because they are impossible. 

Bellocq built one of his pumps, installed it atop a Washington DC office building, and invited officials to 
inspect it. They saw it draw a steady stream of water up a pipe 80 feet high. Not until they dropped weights 
down the pipe and found no unseen machinery did they believe their own eyes. Then they acknowledged 
that Bellocq had chanced upon an entirely new mechanical principle and issued his patent. 

So extraordinary is the operation of the new wave pump that even Bellocq admits that he is not certain of 
its principle , and leaves to scientists the verification of his own explanation. 

In Bellocq's pump a piston vibrates rapidly with an extremely short stroke. It deals hammerlike blows to a 
column of water in a pipe. His theory is that when the frequency of the blows is properly timed for the 
length of the pipe, a series of "stationary waves" is set up. 

Suppose the pipe's bottom to be closed, then layers are formed where the water is alternately rarefied and 
compressed without moving. Midway between these and at the bottom are regions where water rushes 
alternately up and down because of the waves. 

When a one-way ball valve is added at the bottom, water enters from outside at one point in each wave 
cycle, to replace water moving upward from the bottom of the pipe. Once inside, it cannot back out. Every 
influx of water "inches" the whole column upward, without interfering with the waves that travel through 
it. A valve at the outlet, while not essential, improves the efficiency. 


http://www.rexresearch.com/bellocq/bellocq.htm 
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The Acoustic Power Patents 


of Albert Bodine Jr., 1944-1988 


DISCONTINUED--all US Patents are available online at no charg 

Volume One 


1. R. H. Dickinson, "Pump for Liquids," 1 
All patents below are by Bodine: 

2. Resonant gas compressor and method. 6 

3. Method and apparatus for pumping, 28 

4. Sonic driver with pneumatic capacitance, 47 

5. Sonic dredging process and apparatus, 55 

6. Method for sonic propulsion. 66 

7. Inductive cavitator, 73 

8. Sonic materials separation apparatus. 79 

9. Fluid driven mechanical oscillator, 85 

10. Multiple vane angularly oscillatory pump, 91 

1 1 . Sonic pump impeller, 94 

12. Deep well sonic pumping process & apparatus. 102 

13. Resonant pulse jet engine with tapered pipe. 1 1 1 

14. Resonant wave pulse engine and process. 1 14 

15. Standing wave heat engine with means for supplying auxiliary air, 143 

16. Pulse jet standing wave engine w/movable wave reflecting means, 155 

17. Multicircuit quarter wave pulse jet engine. 167 

18. Acoustic pulse jet engine with acoustic air intake system. 180 

19. Sonic burner heat engine with acoustic reflector for augmentation of the second harmonic, 197 

20. Method and apparatus for generating and transmitting sonic vibrations, 204 

2 1 . Apparatus for generating and transmitting sonic vibrations. 222 

22. Whirling ring sonic generator. 229 

23. Method for generating and transmitting sonic vibrations. 236 

24. Mechanical resonant vibration generator with frequency step-up characteristic, 242 

25. Geared oscillator for resonant systems. 25 1 

26. Earth boring apparatus, 256 
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27 Sonic earth boring drill, 287 

28. Sonic earth boring drill with self-resonating vibration generator, 297 

29. Method for sonic earth boring by use of resonant wave pattern transmitted from ground surface, 302 

30. Sonic earth bonng drill with jacket, 308 
3 1 . Some drilling device, 3 1 7 

32. Inductive cavitator, 324 

33. Power system utilizing free-piston engine and torsionally resonant transmission, 330 

34. Torque converter transmission system, 346 

35. Drilling device using sonic resonant torsional rectifier, 353 

36. Method and apparatus for relatively moving two elements, 358 

37. Method and apparatus for pumping, 366 

38. Method and apparatus for pumping, 384 

39. Deep well pump, 406 

40. Deep well pump apparatus, 414 

4 1 . Pumping apparatus, 422 

42. Deep well pump, 428 

43. Somcally actuated valve, 432 

44. Acoustic deep well pump with free compression column, 439 

45. Method and apparatus for pumping fluids by oscillatory impeller action, 446 

46. Sonic earth bonng drill with elastic fluid resonator, 468 

47. Acoustic jet engine with flow deflection fluid pumping charactenstics, 478 

48. Sonic pump, 495 

49. Oscillatory fluid stream driven sonic generator with elastic autoresonator, 508 

50. Method and apparatus for transmitting some vibrations into liquid bodies, 5 1 3 

5 1 . Apparatus for generating and transmitting sonic vibrations, 536 

52. Vibration generator for resonant loads and sonic systems embodying same, 545 

53. Mechanical sonic vibration generator with frequency step-up characteristic, 555 
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The Silver Medal in Engineering Acoustics 

The Silver Medal is presented to individuals, without age limitation, for 
contributions to the advancement of science, engineering, or human welfare 
through the application of acoustic principles or through research 
accomplishments in acoustics. The recipients of the Silver Medal in Engineering 
Acoustics are listed below. 


Year 

Recipient 

Contribution 

1974 

Harry F. Olsen 

For his innovative and lasting contributions in microphones, 
loudspeakers, sound reproduction, and electronic music, his many 
publications, and his constructive editing. 

1976 

Hugh S. Knowles 

For leadership, innovation, vision in the application of acoustical 
science and technology in industry and government and, in 
particular, for contributions to the advancement of technology for 
hearing improvement. 

1978 

Benjamin B. Bauer 

For his contributions to engineering acoustics, particularly in the 
development of techniques and devices used to pick up, record, and 
reproduce sound. 

1982 

Per Vilhelm Bruel 

For significant contributions in sound level instrumentation and 
precision measurement, and for notable leadership in international 
standards in acoustics. 

1984 

Vincent Salmon 

For contributions in the design of horns and the control of noise 
and vibration. 

1986 

Albert G. Bodine 

For his ingenuity in developing sonic vibratory devices of great 
technological importance. 

1989 

Joshua E. Greenspon 

For his leadership and contributions to the solution of underwater 
radiation and scattering problems. 

1992 

Alan Powell 

For leadership in research in the silencing of ship noise and for 
fundamental contributions to aeroacoustics. 

1995 

James E. West 

For developing and optimizing polymer electret transducers. 

1998 

Richard H. Lyon 

For contributions to noise reduction and products through design 
and to Statistical Energy Analysis. 

2001 

Ilene J. Busch-Vishniac 

For development of novel electret microphones and of micro- 
electro-mechanical sensors and positioners. 


http ://acosoc .org/T echComm/EATC/E A silver medal.htm 
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Arthur P. Bentley: Sonic Pressure Wave Pumps 

Calgary Herald (Tues., Oct. 10, 1989) 

"Special Pump Pushes More Than Profits" 

by 

Richard Bruner 

(Christian Science Monitor) 

Tucson, AZ ~ Juan Pasco is a retired United nations development specialist who not only 
has found a solution to water problems of the world's poor rural areas, but has helped put 
together a Tucson corporation to make a lot of money in the process. 

Pascoe's black eyes blaze with excitement when he talks about a new pump that will push 
water out of the ground at the rate of two gallons a minute, using a one-fifth horsepower 
that derives its energy from four solar panels. 

"It's a godsend", he says. 

Pascoe is the president of a Tucson company that will manufacture and market the new 
pump. 

The pump is the invention of a senior genius who lives in Crossroads. Arthur Perry Bentley 
is the grandson of the man who created the car bearing his name. 

Bentley's pump uses a motor that would barely drive a sewing machine. But its work is very 
limited. All it needs to do is send sonic waves down the well pipe to a valved pumping unit 
at the well's bottom. The unit picks up the waves and drives its piston up and down. This 
gushes a whole column of water up the pipe. 

None of this takes much energy, Pascoe points out. Only enough to make some noise down 
a pipe. 

Bentley has also invented a second type of pump, one that slides an electric charge down a 
black well pipe. The entire pipe becomes like a capacitor of a discharge system of an 
electronic ignition. It employs its valve system to push the column of water or oil to the 
surface. 

Pascoe discovered Bentley in the mountains near Ruidoso, NM, where he was living a quiet 
existence, despite the 34 patents in his name. With Allyn Spence, an anthropologist with the 
Office of Arid Land Studies at the University of Arizona, Pascoe put together a company 
called Appropriate Technology Development Inc. 

No long after forming the company, Pascoe and Spence took a prototype pump to the 
Navajo reservation. 

"We put it in an abandoned well, connected it to four solar panels, and it started to bring up 
water", says Pascoe. 

"The Navajo came around. The women especially were enchanted. They said, 'The sun is 
bringing out the water from the ground? Impossible." 

For Pascoe, the experience on the Navajo reservation was confirmation of his hope that the 


http://www.rexresearch.com/bellocq/bellocq.htm 
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pump might have worldwide uses. 

° "Knowing what I know about the needs of the developing world rural people without water 

or with very little water, I know one of the reasons they cannot use traditional pumping gear 
is because they don't have electricity or it is too expensive. Now here is a pump that the 
deeper you go the more efficient it is. You can go 4,000 feet and bring water up with a little 
motor that draws practically no electricity." 

The Bentley pumps are also much less expensive to purchase and maintain than other water- 
pumping technologies. The smaller pumps will replace $20,000 windmills on the Navajo 
reservation at an initial per pump cost of $7,000. 

The impact of such savings could be profound. The USDA has concluded that the biggest 
expense for farmers who experienced serious drought in the last two years is the cost of 
pumping water. That cost has driven more farmers into bankruptcy than any other single 
factor. 

Appropriate Technology Development will work with China to have a joint- venture 
manufacturing operation in Shanghai. And it also will start making pumps in Tucson 
sometime soon. 


US Patent # 4,295,799 (Oct. 20, 1981) 

Sonic Pressure Wave Surface-Operated Pump 
Arthur P. Bentley 


Figure 1 Figure 2 Figure 3 Figure 4 



Abstract ~ 

A single tube surface operated pump including a piston reciprocally mounted in a cylinder 
for alternately opening and closing a lateral fluid delivery port and for generating a sonic 


http://www.rexresearch.com/bellocq/bellocq.htm 
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pressure wave by impacting a column of fluid in a metallic tube extending from the cylinder 
to a remote pumping mechanism located in communication with the fluid to be pumped. 

The piston is especially configured with a central recess in the face thereof so that the sonic 
pressure waves generated thereby will pass through a sonic nozzle and move downwardly 
toward the pumping mechanism in a spiral-like motion against the inner wall of the metallic 
tube and enter into a sonic intensifier chamber and are reflected off the pumping mechanism 
into a central column which travels back toward the cylinder and causes the fluid to be 
pumped to move in that same direction. 


Page 3 of 3 
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UNITED STATES PATENT OFFICE 


2,581,902 

RESONANT GAS COMPRESSOR AND 
METHOD 


Albert G. Bodlne, Jr., Van Nays, Calif. 


Application April 23, 1945, Serial No. 589,753 
24 Claims. (CL 60 — 35.6) 


1 

This Invention relates to a novel method and 
apparatus for compressing or pressuring gases 
for various purposes; also, to a novel cavity res- 
onator employing sonic principles and capable of 
producing extreme pressure variations and, if de- « 
sired, a relatively-constant-pressure stream of 
gas, in some instances comprising products of 
combustion. The invention has numerous uses 
and the title hereinemployed is not to be con- 
sidered as limiting but, rather, exemplary of one 10 
use of the device. Pressured gas from a resonat- 
ing cavity may advantageously be used for pur- 
poses of Jet propulsion, or to drive a gas tur- 
bine, or for pumping a liquid, etc. 

In general, the Invention employs sound waves 15 
in a fluid-filled cavity to establish therein pres- 
sure and velocity undulations varying in inten- 
sity in different portions of the fluid. If a pres- 
sure disturbance is caused within any cavity, cer- 
tain frequencies, said to be resonant, tend to be 20 
amplified and to establish a standing wave pat- 
tern throughout the fluid, while all other fre- 
quencies tend to be damped out. The certain fre- 
quencies which tend to maintain themselves are 
determined by the shape and dimensions of the 25 
particular cavity. If pressure pulses are re- 
peated at a resonant frequency, preferably in a 
region of maximum pressure variation, the res- 
onating wave tends to increase until a condition 
of equilibrium is reached at which the input en- 30 
ergy equals that dissipated in the form of fric- 
tional losses. 

8uch a system may be used as a pump or com- 
pressor by introducing new fluid into the cham- 
ber during a period of rarefaction at the point 35 
of Intake. Discharge may be either continuous 
or only during periods of a selected recurring 
phase and may be located at any point within 
the cavity. The pressure pulses are preferably 
generated by the intermittent combustion of fuel, 40 
the hot gases produced thereby being permitted 
to expand and do work at a preferred region 
before dispersion, all within the resonating cavity. 

In my copending application entitled Resonant 
Wave Pulse Engine and Process, filed November 3, 45 
1947, Serial No. 783,662 and now issued as Patent 
Number 2,480,626, which application was a con- 
tiquatlon-in-part of my original application filed 
April 21, 1942, for Method and Apparatus for 
Generating a Controlled Thrust, Serial No. 50 
439,926, the latter now abandoned, a resonating 
cavity was disclosed consisting of a pipe closed at 
one end and opening at the other into a capaci- 
tance chamber. The sound waves are generated 
within the closed pipe end so as to produce a 65 
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plane wave normal to the axis of the pipe. When 
this wave emerges into the capacitance chamber 
from the opposite end of the pipe it diverges and 
the wave front changes from a plane to a curved 
surface. It is to be noted that in this and other 
previously proposed applications utilizing reso- 
nating combustion chambers, an Important por- 
tion of the system has generally been designed 
for one dimensional vibration. It is a novel fea- 
ture of the present invention that the standing 
wave diverges immediately from the generator, 
in certain versions in all directions. Further- 
more, in most embodiments, a generator .vhich 
preferably functions substantially as a spheri- 
cal-wave point-source is used whereas In previ- 
ous devices utilizing resonating gas systems, it 
was usually desirable to produce a wave as nearly 
planar as possible, particularly in that portion 
adjacent the source. In fact, one identifying 
feature of long, small cross-section pipes Is that 
they tend to generate plane waves by multiple 
wall reflection regardness of generated wave 
form. Helmholtz resonators are in the same an- 
alogous class as pipes because they also deal with 
one dimensional motion, even though they must 
be short in all directions relative to a quarter 
wave length. 

It is an object of this invention to provide a 
novel combustion resonator for any purpose and 
in which the wave front is not everywhere a 
plane of substantially constant area (non- 
planar), e. g., to provide a sonic resonator In 
which the desired resonant wave radiates diverg- 
ently from the generator. Such an acoustic sys- 
tem tends to set up a standing wave having a 
pressure antinode of maximum energy density In 
the region of the generator. This feature makes 
possible a highly efficient thermal excitation since 
the effective compression-expansion-ratio in the 
zone of intermittent combustion is very high. 

In a tube-confined column of fluid subjected 
to an energizing disturbance, a condition of 
standing wave resonance establishes in the col- 
umn one or more zones of large or maximum 
pressure variation, in which zone or zones the 
velocity variations are a minimum. Spaced one 
quarter wave length from any such zone of maxi- 
mum pressure variation, or spaced midway be- 
tween two such zones, is a zone of large or maxi- 
mum velocity variation. In other words, the 
energy in a resonating column changes In form 
(but not in quantity) from section to section 
along the length thereof, being primarily po- 
tential or pressure energy at the zone of large or 
maximum pressure variation and primarily 
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kinetic or velocity energy at zones of large or 
maximum velocity variation. In the latter zones, 
the gas molecules vibrate parallel to the axis of 
the column. In high-energy sonic systems, the 
oscillation of such gas molecules in or near a zone 
of maximum velocity variation creates subtan- 
tial friction at the inner surface of the confining 
tube and. at extremely high velocities, shock 
waves are created, tending to absorb energy. 
These factors tend to limit the power which can 
be generated by the sonic vibration in such a 
column, and tend in some instances to interfere 
with the desired wave pattern. 

It is accordingly an object of the present in- 
vention to establish a zone of large or maximum 
velocity variation in space with a minimum of 
contact with the fluid confining surface. 

By way of example, if a sound wave generator 
Is disposed in the center of a hollow fluid-filled 
sphere and if the frequency is such as to produce 
sound waves having a wave length equal to 1.4 
times the radius, a condition of standing wave 
resonance will be maintained within the sphere, 
as may be ascertained, for example, by reference 
to any edition of Lord Rayleigh’s Treatise on 
Sound. Zones of pressure loops or antinodes will 
exist at the center of the sphere and adjacent 
the inner surface of the spherical wall. For the 
condition of resonace at fundamental frequency, 
the zone of large or maximum periodic velocity 
is revealed by lord Rayleigh’s equations to be lo- 
cated approximately a half wave length from 
the center, that is, in an envelope about two 
thirds the radial distance from the center to the 
spherical wall. In this latter spherical zone, the 
gas molecules will oscillate along paths radiating 
from the center of the sphere, but the only fric- 
tion will be between the gas molecules them- 
selves, and substantially no shock waves will be 
established. 

It is to be understood that the term "wave 
length” as used herein always means the quotient 
of velocity divided by frequency. When plane 
waves are propagated in one direction only (i. e., 
without divergence) the distance between suc- 
cessive particles of the medium which are in 
phase with one another corresponds to this quo- 
tient. Particles 180° out of phase with one an- 
other are half this “wave length” apart in a one- 
dimensional vibrating system. The term ceases 
to have this significance when applied to waves 
propagated in more than one direction, however. 
If waves diverge, particles in phase with one an- 
other are separated by a distance which is great- 
er than the “one-dimensional” wave length. If, 
for Instance, a point source generates sound 
waves in a medium which propagates the waves 
equally well in all directions, then the loci of all 
particles in phase with the source is a series of 
concentric spherical surfaces having the source at 
their common center. The distance from the 
point source to the first spherical surface is sub- 
stantially greater than the distance from the first 
spherical surface to the second; the distance be- 
tween successive spherical surfaces decreases and 
as the spheres become large, and plane wave con- 
ditions are approached at high overtones, the 
separating distance approaching a "one-dimen- 
sional” wave length as a limit. 

In many of its preferred embodiments, the In- 
vention employs cavities which have the peculiar 
property that pressure waves originating there- 
within and reflected by the bounding surfaces 
thereof are concentrated in a focal zone, usually 
a point or a line rather than a surface. A spber- 
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ical cavity presents the simplest case in which all 
reflected waves converge to a focal point. An 
important advantage of the spherical resonating 
chamber results from the fact that a sound wave 
reflected in a converging wave from the concave 
spherical surfaces increases progressively in en- 
ergy density and therefore in the degree of pres- 
sure variation as it approaches the focal point 
at the center of the sphere. Pressure variations 
lo existing at the reflecting surfaces are thus enor- 
mously amphned as they approach the center. 
In standing wave systems using one dimensional 
vibration only the sound waves are generated 
and transmitted in a plane. The maximum 
1 ,-, pressure attained at any pressure antinode is no 
greater than that periodically exerted on all re- 
flecting surfaces normal to the wave (except for 
attenuation). In a spherical standing wave sys- 
tem, on the other hand, the maximum pressures 
20 attained in the region of the centrally located 
pressure antinode are many times those exerted 
against the reflecting surfaces of the cavity. A 
conical sector of a sphere, having a solid angle at 
its vertex of any desired magnitude less than 4w. 
25 has similar properties. 

Another example, comprehended by the present 
invention, involves a substantially cylindrical 
resonator having an elongated or cylindrical focal 
zone coaxial with the cylinder. If an elongated 
30 sound-wave generator is disposed in or adjacent 
this focal zone, sound waves will move radially 
outward from the focal zone with substantially 
cylindrical wave fronts and will be reflected by 
the inner surface of the cylindrical wall to con- 
33 centrate in the focal zone. Convergence from 
the reflecting surface has an amplification effect 
similar to but somewhat less than in the case of 
the sphere. 

The Invention also comprehends other shapes 
40 of resonant cavities in which amplification of a 
reflected wave is achieved by means of surfaces 
disposed about a focal zone; also resonant cav- 
ities in which sound generators are distributed 
at points other than that of maximum pressure 
45 variation. Less symmetrical cavities have more 
complicated standing wave patterns but If they 
are such as to have one or more foci, an ellips- 
oidal cavity for example, then the establishment 
of a standing wave in the contained fluid will 
60 create pressure antinodes at said foci and the 
pressure variations at these points will exceed 
those occurring in any other region of the cavity. 

The invention is not limited to focusing sur- 
faces, however, but comprehends broadly res- 
C5 onating cavities of whatever shape, in which 
sound waves are radiated divergently from the 
generator and in which the standing wave 
created thereby is utilized for the performance 
of mechanical work, such as pumping fluids. 
60 Even in the .•'bsence of points within the cavity 
which constitute foci, if vibration occurs in more 
than one direction certain pressure antinode 
regions will be characterized by a wider varia- 
tion in pressure than others. Preferably, how- 
05 ever, the sound waves are generated adjacent a 
focal zone, or in the absence of a focal zone, 
near a pressure antinode of maximum strength 
in order that reflected sound waves will reinforce 
the undulations of the sound-wave generator. 
70 Certain later-described peculiar advantages of 
resonating cavities which have one or more pres- 
sure antinode regions of maximum energy density 
may be explained in terms commonly used with 
reference to vibrating systems whether they be 
75 electrical, mechanical, or acoustical, and for 
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convenience these will here be defined. A 
dimensionless figure of merit represented by the 
letter ”Q” is used to express the ratio of energy 
stored in a vibrating system to the energy dis- 
sipated by it during each half cycle. Since en- 
ergy is stored only to the extent that reso- 
nance exists, Q reaches a maximum at each res- 
onant frequency and declines in value with de- 
parture to higher and lower frequencies. The 
term acoustic Impedance Z, represents the ratio 
of alternating pressure component to the volume 
velocity, the latter being the integral of par- 
ticle velocity over the area of a surface past 
which it occurs. In a standing wave system the 
Impedance quotient has a maxima in the pres- 
sure antinode regions since an added increment 
in the applied alternating pressure results in 
very little increased velocity at this antinode. 
The terms “Q” and “Z” are related in that a 
system having a high Q will exhibit an impedance 
at its pressure antinodes which is relatively large 
in comparison with the impedance at its velocity 
antinodes. In fact, as attenuation approaches 
zero, "Q” and the pressure antinode Impedance 
approach infinity and the Impedance at the 
velocity antinode approaches zero. 

When a standing wave in a fluid is caused to 
perform mechanical work it is damped or at- 
tenuated, such as by the substraction of vibrat- 
ing fluid and its replacement by static fluid 
which must be compressed, or accelerated, de- 
pending on whether intake is near a pressure or 
velocity antinode region. In order that the 
standing wave may continue to exist, new energy 
must be added, generally once in each cycle, 
and, in the preferred embodiments of this in- 
vention, this is accomplished by the intermittent 
combustion and expansion of fuel and air. In 
such a system, it is desirable that the stored en- 
ergy of the standing wave be large in proportion 
to the energy lost in the pumping of fluid and 
in normal frictional attenuation. The stanuing 
wave must carry a sufficient reservoir of stored 
energy to compress each newly introduced charge 
of fluid despite these losses. It is seen that the 
standing wave performs functions exactly anal- 
ogous to those of a flywheel, the energy being 
stored for part of the cycle in the fluid mass at 
the velocity antinode. The two energy storage 
device dilTer from one another in that the fly- 
wheel stores its energy wholly in the form of 
kinetic energy whereas the standing wave alter- 
nately stores energy as kinetic energy at the 
velocity antinodes and as potential energy of 
elastic deformation at the pressure antinode. 
They resemble each other, however, in that for 
a given frequency, the capacity for energy storage 
goes up with the magnitude of the moving mass. 
In a spherical cavity, for example, the moving 
fluid mass is in the shape of a thick walled hol- 
low sphere whereas in the ordinary one-dlmen- 
slonal resonator it is in the shape of a cylinder 
or prism. It is seen that for an apparatus of 
a given bulk and for a given size of combustion 
chamber, the sphere has a much heavier “fly- 
wheel.” and. therefore, one which provides a 
greater energy reservoir at a given alternating 
velocity. Furthermore, the wall drag encounter- 
ed in a one-dimensional resonator is totally 
absent in a sphere, and in other diverging wave 
cavities is substantially less for a given mass 
of moving fluid. Such cavity resonators, there- 
fore, provide a flywheel of considerably less fric- 
tion. Stating exactly the same point in a slightly 
different manner, a cavity resonator, partlcular- 


6 

ly a sphere, has a higher Q than a one dimension- 
al resonator of the same bulk since attenuation 
is reduced by the elimination or reduction of 
wall drag and by reduction of internal friction 
since kinetic energy is stored by a large mam 
moving at a relatively low velocity rather than 
by a „mall mass moving at a high velocity. 
Partly because of this higher Q and partly be- 
cause of the increased energy density (decreased 
in wave front i.&> at the focal zone antinode, 
pressure variation amplitudes attainable there 
are much higher than could be attained in a 
one-dimensional resonator of similar bulk and 
with the same exciting force; for example, the 
I.-, focal zone pressure antinode of a sphere has a 
higher acoustic impedance than any other type 
of resonator, other things being equal. If the 
sound wave is generated by the intermittent 
combustion of fuel in this region of high im- 
•jd pedance, then the advantages of a high com- 
pression engine are attained since high pressure 
variations occur there. In effect the high im- 
pedance provides the expanding gases with a 
loading which more nearly approaches the pres- 
sure which may be exerted by a gas expanding 
in an isentroplc manner. Low impedance sys- 
tems permit free expansions to a large extent, 
with resulting increases in entropy and losses 
in thermodynamic efficiency, 
ao In high-energy sonic systems, it is often de- 
sirable to eir r ' y into-tmttent comDustlon to 
establish the sound waves. The present inven- 
tion ha r among its objects the burning of incre- 
ment of fuel in a sonic cavity to establish and 
mr.mtain the desired sound wave pattern in the 
cavity. Another object of the invention is to 
burn Increments of fuel at a position near the 
focal zone of a reflecting surface in such a man- 
ner as to establish a condition of standing wave 
40 resonance giving rise to pressure variations at 
the focal zone which, if desired, can be extremely 
large. Other objects reside in the utilization of 
the sound waves in a sonic cavity to aid in the 
Intake of air and fuel, the compression and lgnl- 
4 .‘i tion of the fuel-air mixture, the expansion of the 
fuel, and/or the exhaust of gases, comprising 
products of combustion, from the sonic cavity. 
One of the general objects of the Invention is 
the provision of a novel internal-combustion 
mi resonator useful for many purposes. 

Other objects of the invention reside in the 
utilization of sound waves or sonic energy in the 
compression of fluids, particularly gases. Thus, 
it is an object of the invention to provide a gas- 
v. pumping or compression system in which the 
pressure-increasing means is combined with a 
storage vessel; also, to provide a simple, highly 
efficient, internal-combustion compressor. In 
this latter connection, it is an object of the in- 
• ii vention to burn increments of fuel, mixed with 
appropriate amounts of air, at a position spaced 
from reflecting surfaces in such manner as to 
utilize a reflected wave to produce large varia- 
tions in pressure at a focal zone and to remove 
'•'i compressed gas, usually comprising products of 
combustion, from a position removed from the 
point of fuel burning, whereby the gases at the 
point of withdrawal are not subject to the large 
pressure variations in the focal zone. 
i'» Certain general objects of the invention in- 
clude the provision of a novel method and ap- 
paratus for maintaining large pressure varia- 
tions within a container without transmitting 
equal pressure variations to the walls of the con- 
tainer; provision for the Introduction of rela- 



a, 581,003 


17 


7 

tively-low-pressure gases to a sonic cavity and 
for the discharge of relatlvely-hlgh pressure 
gases therefrom; provision for Intermittent In- 
take of gases to, and a relatively constant-flow 
discharge of gases from, a sonic cavity; pro- 
vision of a resonating system Including a sonic 
cavity In which Increments of fuel can be burned 
at a natural resonant frequency of the sonic 
cavity or at a frequency which is a multiple or 
sub-multiple of Its resonant frequency; provision 
for the timed Intake of fuel and combustion- 
supporting air to a sonic cavity and, If desired, 
a supply of auxiliary air thereto; provision for 
the confinement of fuel-burning to a small zone, 
usually near the focal zone of a curved reflecting 
surface; employment of the burning of Incre- 
ments of fuel for the development of pressure 
to discharge a ^datively - constant - pressure 
stream of ihe products of combustion diluted, 1* 
desired, by another ga* such as air; provision 
for the maintenance of a high mean pressure In 
the sonic cavity, conducive to desirable wave 
patterns and high-energy outputs; provision for 
a novel control of valves In a sonic system; and 
provision of an automatic control to compensate 
for differences In load or amount of gas with- 
drawn. It is an object of this Invention to pro- 
vide a sonic engine which utilizes to full ad- 
vantage the natural spherical expansion pattern 
of explosions. 

Other objects of the Invention reside in the 
provision of a system for turning a rotary shaft 
In step with the sound waves In the sonic cavity. 
1. e., at a speed proportional to the sound-wave 
frequency; the turning of such a rotary shaft 
by a turbine receiving a pressured stream of gas 
from the sonic cavity; and the utilization of at 
least a portion of the power transmitted by such 
a shaft for driving a supercharger or compressor 
for forcing air into the sonic cavity, or for timing 
the Intermittent introduction of fuel to, or the 
burning of fuel in, such a sonic cavity. It Is also 
an object of the Invention to conduct any desired 
portion of the gases from a sonic cavity of the 
internal-combustion type for use in driving a 
turbine, any desired portion of the power de- 
veloped by the turbine being used to drive a 
compressor aiding in the forcing of gases Into 
the sonic cavity, any remaining portion of the 
power developed by the compressor being used 
for any desired purpose, and any residual energy 
In the gases discharging from the turbine being 
used for any desired purpose, for example by 
discharge as a propulsive Jet. Prom this stand- 
point, the Invention is not limited to a governing 
of the turbine speed to be proportional to the 
pressure undulations In the sonic cavity or the 
explosion frequency therein. 

Further objects and advantages of the inven- 
tion will be evident to those skilled In the art 
from the following description of an exemplary 
embodiment, namely, an internal-combustion 
cavity resonator employed as a compressor. 

Referring to the drawings: 

Figure 1 is a vertical cross-sectional view of 
a simple form of Internal-combustion spherical 
resonator employed as a compressor; 

Figure 2 is a fragmentary vertical sectional 
view of an alternative air and fuel intake sys- 
tem useful In the system shown In Figure 1; 

Figure 3 Includes graphical representations of 
pressure and velocity variations In the sphere 
of Figure 1; 

Figure 3a Is a detail sectional view on an 
enlarged scale ol the fuel Dressure regulator; 
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Figure 4 Is a diagram Illustrating the timing 
relationships of an Internal-combustion resona- 
tor operating as a "two cycle” system; 

Figure 5 Is a vertical sectional view of a spherl- 
s cal resonator employing novel valve and combus- 
tion meo-'s; 

Figure G Is a vertical sectional view of an 
alternative form of spherlCLl resonator; 

Figure 7 Is a vertical sectional view of the 
lo combustion chamber in the center of the sphere 
ol Figure 6, taken along the line 7 — 7 thereof; 

Figure 8 Is a diagram illustrating the timing 
relationships of an Internal-combustion resona- 
tor operating as a "four-cycle” system; 

15 Figure 9 Is a fragmentary view similar to 
Figure 7 and showing an alternative form of 
combustion chamber; 

Figure 10 is a vertical sectional view of an 
alternative internal-combustion resonator op- 
20 erating as a compressor and employing a cylin- 
drical cavity; 

Figure 11 is a vertical sectional view of a 
conical sonic cavity which can be employed In- 
stead of the spherical or cylindrical forms; 

Figure 12 Is a vertical transverse section taken 
through the cone of Figure 11 along line I! — tl 
in the direction of the arrows; 

Fig. 13 is another vertical transverse section 
through the cone on plane IS — IS ol Figure 11; 
30 Figures 14 and 15 show a set of reed valves In 
open and closed position, respectively: 

Figure 16 Is a sectional view of a pipe and 
apparatus for supplying combustible mixture to 
a resonating chamber; 

Figure 17 is a sectional view of another Intake 
’* pipe means; and 

Figure 18 is a graph of the pressure cycle of 
a fuel Intake opening of the type shown In Fig. 
16 or Fig. 17. 

Referring particularly to Figure 1, wherein Is 
110 shown a simplified spherical resonator or com- 
pressor, the apparatus includes a hollow sphere 
10 defining a closed sonic cavity fl, the hollow 
sphere providing a curved reflecting surface It 
which, in this embodiment, Is substantially 
•!'> spherical. The curvature of this surface It Is 
such as to reflect sound waves towards, and 
concentrate them In, a focal zone In or at the 
center of the sphere, the focal zone in this In- 
stance being substantially spherical and being 
suggested by the dashed line IS. If the curved 
surface It is truly spherical and If sound waves 
are generated In the center o' the sphere, the 
sound waves reflected by the curved surface It 
will concentrate at a focal point exactly in the 
center of the sphere. The sphere II may be 
supported by any suitable means, such as sup- 
ports 14. 

A sound-wave generator IS Is disposed within 
or adjacent the local zone It. The preferred 
go sound-wave generator comprises means for in- 
termittently burning increments of fuel to create 
pressure pulses. It will be clear, however, that 
various types of sound generators can be em- 
ployed so long as they transmit pressure pulses 
65 to the fluid in the sonic cavity II. 

As shown, the device Includes a carburetor 
It for producing a combustible fuel-air mixture, 
the air being supplied through an air duct 17 
and the fuel being supplied through a fuel line 
70 18. This carburetor may be of conventional 
design and may have the ”sual throttle II. A 
blower, supercharger, or compressor XI In- 
creases the pressure of the fuel-air mixture and 
forces It along a pipe XI Into the focal zone 
7# IX. The compressor XI may be driven at a 



spfefcd proportional or non-proportional to the 
frequency of the sound-wave generator IB and 
tills drive may be from any suitable means, for 
example from a turbine 22 Interconnected with 
the compressor by a shaft Indicated by dashed 
line 22a. 

An Inlet check valve Is preferably provided at 
some position along the pipe 21, being shown as 
including a poppet valve 22 urged toward closed 
position by a spring 24; it has been found, how- 
ever, that the apparatus will function if no 
valve Is provided, the combustible mixture being 
admitted In “gulps" because of the pressure 
variations In the standing wave. By the same 
token, valve 21 can be provided with sufficient 
inertia and damping so that It will remain open 
while the system is operating, and will auto- 
matically close as a check valve to retain storage 
of static pressure when the system is not operat- 
ing. An Ignition device, such as a spark plug 
25, is positioned adjacent or within tl.e focal 
zone II, being h^'e shown as carried by the in- 
ner end of pipe 2i; and this ignition device may 
be energized through lead 26 extending through 
insulator 27 to a buzzer spark coil, step-up trans- 
former, or other energizing source, indicated by 
the number 28. Closing an ignition switch 29 
establishes a spark in the gap of the spark plug 
25. The spark may be used continuously if 
desired, but in most embodiments the spark is 
required for starting only, since under operating 
conditions there is usually a small amount of 
continuous combustion providing a "tail-flame” 
for igniting each successive charge. 

A discharge pipe 30 extends through the wall 
of the sphere 10. The inner end of this discharge 
pipe terminates preferably in a zone of the cavity 
1 1 in which pressure variations are smaller than 
in the focal zone 13 or adjacent the reflecting 
surface II. In the particular system illustrated, 
the wave length of the sound waves for funda- 
mental resonance is equal to 1.4 times the radius 
of the sphere and. in this circumstance, the in- 
ner end of the discharge pipe 30 preferably termi- 
nates approximately two-thirds the way from 
the center of the sphere to the reflecting surface 
12, this being in the locus of a pressure node 
< velocity anti-node) of the system, so that a 
substantially constant pressure discharge is 
achieved. The innermost end of the discharge 
pipe may openly communicate with the fluid in 
the sonic cavity 1 1 but, in some instances, I prefer 
that this communication be through a damping 
screen, 32, thereby tending to prevent resonance 
in the discharge pipe 30. The discharged gases 
move through a main valve 33 and thence through 
a valve 34 to be utilized for any desired purpose, 
such as driving air drills, pneumatic machinery, 
etc. Any desired portion of the discharged gases 
may move through valve 35 to the turbine 22 for 
driving same, the power from the turbine being 
used at least in part in driving the compressor 
?0 any residual power from the turbine being 
available for driving auxiliary equipment or for 
any desired purpose. The gases discharging from 
the turbine 22 may also be used for any desired 
purpose and are shown as discharging through 
nozzle 36. It is often desirable to provide a 
spring-loaded discharge vnlve at some portion 
of the system. Such a valve is suggested by the 
number 37 as connected to the discharge pipe 
30. and onens to prevent building up of destruc- 
tive pre c sures in the soivc ravitv II. Also, if it 
Ls desired to obtain gas at pressure higher titan 
the mean pressure of the cavity then valve 33 


may be closed and the spring of valve 17 ad- 
justed to open only during periods of maximum 
pressure or valve 37 may be highly damped and 
not responsive to each momentary pressure but 
5 serving only to restrict discharge and permit the 
establishment of high mean pressure within the 
cavity II. The highly compressed gas may be 
c r Tied away through pipe 37 a. 

The operation of the simplified embodiment 
10 shown in Figure 1 can best be illustrated by as- 
suming, flrr*. that the pipes 21 and 30 are absent 
and that a single minor explosion is initiated at 
the center of the sphere when filled with a gas, 
such as air. For example, if a blank cartridge 
15 or an explosive cap were detonated at the center 
of the sphere, the resulting minor explosion 
would cstablisn a steep wave front sound wave 
moving radially outward toward the reflecting 
surface 12 at a speed corresponding to the speed 
20 of sound in the gas filling the sonic cavity II. It 
is important to note that the wave front of such 
a sound wave is substantially spherical and cor- 
responds to the curvature of the surface 12. Cor- 
respondingly, the wave front of this sound wave 
25 will reach all portions of the curved surface 12 
substantially simultaneously. Since the wave im- 
pinges normally against the surface at all points, 
it is reflected normally Inwards. When reflected, 
the wave converges from all parts of the spherical 
30 surface with increasing pressure as it approaches 
the focal zone 13. 

The sound wave thus transmitted from the cen- 
ter of the sphere to the surface 12 and reflected 
back toward the center of the sphere can be con- 
35 sidered as a steep wave front pressure pulse. The 
actual intensity of the pressure pulse when first 
generated in the focal zone may be, for example, 
several hundred pounds per square inch. How- 
ever, due to the inverse square law, the actual 
•10 unit pressure of the pulse decreases during out- 
ward travel so that the internal pressure on the 
curved surface 12 will be very substantially less 
than the initiating pressure. However, it is im- 
portant to notice, also, that the reflected pres- 
15 sure pulse is concentrated and amplified as it re- 
traverses the sonic cavity toward the focal zone 
because of the focusing action of the curved sur- 
face 12. Correspondingly, the pressure in the 
focal zone 13 will again be built up because of 
■'>') the reflecting wave to a value which is lower than 
tho initiating pressure only by the losses in wave 
transmission and reflection. This will cause a 
compression of the gas in the focal zone which, 
upon subsequent expansion, will again send a 
pressure pulse outward toward the curved surface 
12. Actually, the pressure pulse traverses and 
re-traverses the sonic cavity repeatedly. In fact, 
if a blank cartridge or cap is detonated at the 
center of such a sphere, the sound waves will 
no continue for a substantial period of time, dying 
out only because of losses in the system. 

On the other hand, it follows from elementary 
principles of sonlcs that the pressure pulse thus 
generated in the focal zone tends to create, upon 
05 its expansion, a rarefaction of a magnitude sub- 
stantially equal factually equal pressure values 
only If mean pressure is sufficient) to the pres- 
sure pulse and having a peak negative pressure 
one-half cycle after the peak positive pressure. 
TO Correspondingly, if the distance between the 
focal zone and the curved surface 12 is such that 
pressure anti-nodes are established at the center 
and at the reflecting surface, then at funda- 
mental resonance a rarefaction exists in the focal 
zone at the instant the pressure pulse reaches 
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the curved surface 12 for reflection. It also fol- 
lows that, when the reflected pressure pulse again 
raiser, the pressure In the focal zone 13 to a maxi- 
mum. a rarefaction will exist Immediately Inside 
the curved surface <2. 

Assume, next, that the pipes 21 and 30 are 
In place and that a small combustible charge Is 
forced through the valve 23 into the focal zone 
II and Is Ignited by the spark plug 25. A pressure 
pulse similar to that previously described will 
move outward and be reflected by the curved 
surface 12 and the pressure In the focal zone 13 
will vary widely about a mean pressure value, 
increasing when a pressure pulse Is present In 
the zone 13 and decreasing when a rarcfractlon 
Is present. The system can be designed to open 
the valve 23 momentarily and admit an addition- 
al increment of fuel when a sufficient rarefrac- 
tion exists in the focal zone 13, preferably by 
virtue of the occurrence of such rarefraction. In 
the present Illustrative arrangement, the valve 
23 Is urged toward closed position by the pressure 
in the focal zone and by the spring 24, and Is 
urged toward open position by the atmosphere 
plu 3 compressor-induced pressure In the pipe 21. 
As the pressure In the focal zone 13 decreases, 
a point Is reached, depending upon the adjust- 
ment of the spring 24, at which the forces holding 
the valve normally closed are overcome and the 
valve opens to admit an additional increment of 
combustion charge. Due to the cyclic variations 
In pressure In the focal zone 13, this additional 
increment of fuel-air mixture tends to be com- 
pressed either before or soon after ignition is 
initiated by the spark plug 25. 

By way of analogy to the operation of a two- 
cycle engine, I have termed as a “two-cycle” 
operation the Introduction and burning of a fuel 
charge in step with each pressure variation in 
the focal zone 13. The relationships are illus- 
trated in Figure 4, in which is shown a sine wave 
18 drawn about an abscissa base 19. Ordinates 
can be considered as representing pressure and 
abscissa as representing time, in which event the 
sine wave 18 approximately represents pressure 
variations in the focal zone when the system is 
operating under idling conditions or when it Is 
resonating following a single explosion in the 
focal zone. The abscissa base 19 in this in- 
stance is a representation of mean static pressure 
in the sonic cavity which may be many times 
atmospheric pressure. Usually, I prefer to em- 
ploy the invention with a mean pressure above 
atmospheric pressure and, in high output sys- 
tems, more than twice atmospheric pressure, a 
high mean pressure having advantages described 
elsewhere herein. 

In Figure 4, one complete cycle is represented 
between points I and 8, a rarefraction being 
present between points I and 3 and a condensa- 
tion or pressure pulse being present between 
points 3 and 8. The reduced pressure between 
points I and 2 is sufficient to open the valve 23 
to admit an additional increment of fuel-air mix- 
ture. Preferably, the intake period is very short, 
as suggested in Figure 4. It Is followed by com- 
pression and Ignition between points 2 and 4 
and. In effect, by expansion between points 4 and 
5 and into the next cycle, as suggested in Fig- 
ure 4. The burning of the fuel Is not instan- 
taneous since It depends upon the rate of flame 
propagation but It does occur so rapidly that the 
pressure curve tends to rise sharply. In prac- 
tice, a graphical representation of the actual 
pressure In the focal zone will not follow a true 
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sine wave for two reasons. In the first place, 
intake between points I and I will, in Itself, 
tend to reduce the existing rarefraction so that 
the curve follows more nearly the dotted line 
5 curve 41 during this period of the cycle and, in 
the second place, the burning of the additional 
increment of fuel tends to increase and sharpen 
the positive pressure peak 4. so that the curve 
approaches T »ore nearly the dotted curve 42 in 
in the compi _„slon portion of the cycle, However, 
tills distortion of the sine wave (even in filtered 
systems with one degree of freedom) from im- 
pulse excitation and irregular combustion rates 
is far less radical with the three dimensional 
1 ,') resonators of this Invention as compared with 
pipes, principally because of better Q loading. 
Also, with spherical resonance the harmonic fre- 
quencies are in a proportion of substantially 3, 
5, 7, etc. This means that periodic combustion 
20 controlled for one frequency is less apt to excite 
overtones than in resonators such as pipes with 
harmonic series of 1, 2, 3, 4, etc. 

It lb Important to understand that, If resonant 
conditions are established in the sonic cavity 1 1. 
25 the peak pressures in the focal zone 13 can be 
built up to a value many times higher than the 
peak pressure of a single explosion. This is true 
because of the automatic timing of subsequent 
explosions to reinforce the pressure peaks exlst- 
30 ing because of reflection of previous pulses. 
Thus, even minor explosions in the focal zone 
can be made to reinforce resonantly the pressure 
undulations therein existing, thereby building 
up enormous pressures in this zone. Further, 
35 such momentary pressures exist, in effect, in 
space and need not be confined by extremely 
massive walls. The invention is capable of pro- 
ducing very large pressure variations in the focal 
zone 13, while pressures substantially less than 
40 100 lbs./sq. In. are applied to the inner wall of 
the sphere. 

If resonant conditions are established In the 
sonic cavity II, the focal zone 13 will be a zone 
of large or maximum pressure variation, lndl- 
45 cated by the letter P in Figure 3. Likewise, the 
zone immediately inside the reflecting surface (2 
will be another zone of maximum pressure varia- 
tion, indicated by the letter P\ though the pres- 
sure variations at P' will be substantially less 
60 than at P. At spherical zone V, approximately 
two-thirds the way from P to P', pressure varia- 
tions will be a minimum and the sonic energy 
will be primarily kinetic or velocity energy. Zone 
V is a zone of large or maximum velocity varla- 
65 tion and small or minimum pressure variation. 
The relationship of pressure and velocity Is 
shown in the curves of Figure 3, in which the 
abscissa scale represents the radius of the sphere, 
the lines A — A and B — B respectively correspond- 
60 ing to the center of the sphere and the side wall 
or reflecting surface 12. Ordinates of the upper 
curve represent pressure and the envelope be- 
tween the two curves represents pressure varia- 
tions at different radii. It will be noted that the 
65 pressure Is a minimum at zone V. In the lower 
curve, ordinates represent velocity, and It will 
be noted that the envelope of the curves shows 
maximum velocity at zone V. This is the funda- 
mental frequency standfng wave pattern. I find 
70 the fundamental frequency to have an advan- 
tage over the higher harmonics because it simpli- 
fies the problem of automatic valves. 

These relationships exist for a sphere resonat- 
ing at its natural frequency, i. e„ a sphere having 
75 a radius equal to .715 times a wave length. How- 
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ever, the Invention contemplates that the sphere 
may be made to resonate at overtone frequencies 
as the wave length Is reduced relative to the 
radius of the sphere. If the sphere is resonated 
at its natural frequency the discharge pipe 30 
preferably communicates with the zone V, 
whereby a substantially - constant - pressure 
stream of gas comprising the products of com- 
bustion can be withdrawn. 

If the sphere Is resonating at an overtone fre- 
quency, there will be two or rore zones V be- 
tween the center and periphery of the sphere 
and the Inner end of the discharge pipe will in 
such event preferably be positioned to open on 
ohe of these. In other instances, however, pres- 
sure fluctuations in the discharge are not dis- 
advantageous and, in some instances, these are 
desirable, particularly when valve J 1 Is adjusted 
for periodic opening at peak pressures for dis- 
charge of elevated pressu es, or tuned Inductively 
or capacltatlvely for discharge at other chosen 
phase relationship. Broadly, therefore, the inner 
end of the discharge pipe 30 can communicate 
with the sonic cavity II at any desired position. 
If, for instance, the discharge is located at the 
inner surface of the sphere, the discharged fluid 
is subject to minor pressure variations since the 
bounding surface constitutes a pressure node. 
The alternating wave energy Is, however, at n 
minimum at this surface; fluid may therefore be 
abstracted under proper conditions with small 
effect on the standing wave within the cavity. 

Although most of the embodiments herein dis- 
closed provide for the intermittent introduction 
of fuel or air, or both, it is also possible to initi- 
ate and maintain resonance with fuel and air 
which is supplied continuously if the combustible 
mixture is Introduced into a region of the cavity 
which is subject to large pressure variations un- 
der conditions of resonance. When constant 
combustion occurs in such a region, an unstable 
equilibrium exists; the slightest variation in the 
rate of combustion initiates a pressure pulse 
which tends to be succeeded by local alternations 
In pressure which increase In amplitude until a 
condition of equilibrium is reached. During each 
compression period the Inflow velocity of fuel 
and/or air is momentarily suppressed by the in- 
crease in back pressure and combustion rates are 
momentarily further accelerated by the increase 
In the density and pressure of the burning gases. 
These two effects thus combine to cause a period 
of maximum combustion during the compression 
period followed by a substantial decline in com- 
bustion as the rarefaction period begins. Dur- 
ing the rarefaction period, the lowered local 
pressure permits high velocity inflow of fuel and 
air which may be faster than flame propagation, 
thus combustion is not at a high rate until after a 
period of some ignition delay which the next 
succeeding compression period again increases 
local pressures and densities. The occurrence of 
combustion during the compression cycle under 
conditions wherein combustibles are introduced 
during the preceding rarefactions relies in part 
upon ignition lag or delay which latter can be 
aided by the chemical properties of the fuel and 
temperature and uniformity of incoming fuel- 
air mixture. Under these operating conditions, 
combustion continues during rarefaction periods 
but at a rate which is extremely small In com- 
parison with that occurring during compression 
periods. This continuing combustion, however, 
does make it possible to dispense with any igni- 
tion system except for purposes of starting. 
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In «ome instances, it Is desirable to supply the 
air and fuel separately to the sonic cavity, and 
this can be accomplished by the system shown 
in Figure 2, in which no carburetor II is cm- 
6 ployed, the compressor or supercharger 20 merely 
forcing a stream of air through the pipe 71 and 
the valve 23. The fuel Is injected in time rela- 
t'mship with the wave, e. g„ during the intake 
period Indicated in Figure 4, properly by a sult- 
10 able injection pump forcing an increment of fuel 
through •>. fuel line II and an injection nozzle II. 
The futi ignites either by pressure lgnlt’on or, If 
desired, by Impingement on a ‘‘hot spot” provided, 
for example, by a member 16 supported on arm 
15 II to lie In the path of the injected fuel. The 
surface 12 is preferably smoothly polished or 
plated In order that heat radiated from the focal 
zone during combustion will be reflected back to 
the focal zone, thereby increasing the efficiency 
20 of thermal excitation. 

Figure 5 illustrates a resonating sphere 10' sim- 
ilar to that shown in Fig. 1 but having two co- 
axial pipes 251 and 252 which enter the sphere 
10 ' from opposite sides which may intermittently 
2 .-, deliver a combustble charge into the central 
focal zone indicated by dashed line 13'. A spark 
plug 25' and auxiliaries are shown and may be 
used either continually or for starting only, as 
previously explained in connection with Figure 1. 

30 Combustion is found to be more effective In reso- 
nating the sphere 10 ' if the charges of gas and 
air issuing from pipes 251 and 252 are directed 
into open ended cylindrical shroud 253, the 
shroud being supported coaxially with the pipes 

3 1 by means of metal straps 255. 

A Are screen 251 is transversely positioned in 
the end of each of the pipes 251 and 252 so as to 
prevent flames from the cavity entering the pipes 
and causing premature combustion therein. 
4 u Such a screen was previously shown in my co- 
pending application entitled “Method for Gen- 
erating a Controlled Thrust” filed April 27 , 1942 , 
and numbered 439 , 926 . 

Each of the pipes 261 and 252 Is supplied with 
4 _ a fuel and air mixture through identical appara- 
tus. Pipe 15i, for example, opens at the opposite 
end to the atmosphere and is provided at some 
convenient point along its length with a reed type 
check valve Indicated generally by the arrow 251 
5(( and comprising a resilient metal flap 257 attached 
at Its upper edge to an internal annular shoulder 
258 disposed in a plane oblique to the axis of pipe 
251. When a rarefaction occurs at focal zone 
13 ' and causes the pressure within sphere 10 ’ to 
53 fall below atmospheric pressure, this rarefaction 
Is transmitted through pipe 251 so that flap 257 is 
deflected to a position indicated by the dotted 
lines 259 and a charge of air is inducted through 
251 into the sphere. 

00 Gaseous fuel, supplied through a pipe 210, is 
passed through pressure regulator 263 to fuel 
pipe 261 at a rate which is controlled automat- 
ically by air pressure in air intake pipe 266. 
Pressure regulator 263 is separated into upper 
00 and lower chambers 263a and 263b by a dia- 
phragm 261 to the lower side of which is attached 
a hook shaped element 262. The point of this 
element fits into the opening in fuel supply pipe 
260. The upper chamber 263a communicates 
70 with air intake pipe 265 so that the gas entrance 
pressure to fuel orifice 267 will always bp related 
to air entrance pressure to air orifice 266 a be- 
cause the pressure in 263a Influences the pressure 
maintained in 263b by the diaphragm controlling 
the amount of fuel released by regulator valve 
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282 in a manner common to all pressure regula- 
tors. Fuel-air mixture ratio may be manually 
controlled by adjusting the opening of orifice 281 
by means of needle valve 268. Air intake pipe 
265 and g'^^ous fuel Intake pipe 261 merge Into 
a single pipe 269 which In turn enters pipe 251 
at some point between check valve 251 and the 
opening of pipe 251 into focal zone 13'. Air in- 
take pipe 265 and fuel intake pipe 261 are pro- 
vided with reed type check valves 270 and 271, re- 
spectively, which are constructed in the same 
manner as check valve 256, and like it, open to 
permit the induction of fuel and air during the 
occurrence of rarefaction In focal zone II'. Since 
both air orifice 265a and fuel orifice 267 dis- 
charge into the same negative pressure trans- 
mitted from zone 13, the fuel-air ratio will re- 
main stable no matter what may be the degree of 
pressure reduction at zone 13 because the mixture 
is controlled by the ratio of orifices 267 ann 285a 
and the equivalent introduction pressure estab- 
lished by regulator 263. If desired, one or more 
pipes for excess air may be provided in addition 
to the pipes 251 and 252 which deliver a com- 
bustible mixture. One such pipe 272 is illus- 
trated and Is provided with a reed type check 
valve 273. 

The various check valves 213, 256, 270, and 
271, may be located at various distances from 
focal zone 13' In order that their openings may 
occur in any desired sequence. In the arrange- 
ment illustrated, the excess air valve 273, is 
nearest focal zone 13' and will, therefore, open 
to admit fuel-free air for purposes of scaveng- 
ing before the opening of the other valves. 
Fuel valve 271 is positioned most remotely from 
focal zone 13’ in order that it may open last 
during each rarefaction period because of wave 
transit time from zone 13. thereby delaying the 
entrance of fuel until after substantial scav- 
enging has occurred. 

A throttle 27* controls the Intake of air through 
pipe 265 and. Indirectly, by means of pressure 
regulator 263, and orifice 267, the amount of 
gaseous fuel admitted through pipe 261. 

In some embodiments, it is convenient to pro- 
vide a plurality of reed type intake valves 218 
at the surface of the sphere. In this way It Is 
possible to pump large volumes of air at low 
pressure differential. These valves are remote 
from destructive flame temperatures; and there- 
fore can be of many different materials, mount- 
ed stressed, as reeds, or relaxed to be forced- 
driven by the wave pulses. 

As previously noted, it is usually desirable that 
a discharge from the resonating cavity occur with 
a minimum of pressure fluctuation in the efflux. 
In this particular embodiment the discharge 
pipe 276 withdraws fluid from a region of mini- 
mum energy density near the Inner surface of 
sphere 18'. Discharge pipe 276 Is specially shaped 
and dimensioned to function as an acoustic band 
stop filter of the wave length at which sphere 
10' Is resonating. Thus pipe 276 is approximate- 
ly a half wave length long and has in a plane 
normal to Its axis at its mid-point (1. c., x/4 
from each enct) a short section in the shape of 
a cylinder having a radius of such dimensions 
that It reflects band-stop waves 180° out of phase. 

A more complete embodiment of the Invention, 
employing mechanically-timed Intake and igni- 
tion, Is shown In Figures 6 and 7. As there 
shown, p 1) )llow sphere 50 provides a sonic cavity 
51 and a curved reflecting surface 52 having a 
central focal zone 53 and being supported by 
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suitable supports, all as previously described. 
Here again, the sound waves are established by 
combustion of increments of fuel. It Is desir- 
able in many instances that the explosion fre- 
.) quency be less than, e. g., a sub-multiple of, the 
natural frequency of oscillation 'resonant fre- 
quency) of the sonic cavity. Such a mode of 
ope.ation may have enormous advantages, among 
which is the fact that a small sphere can be 
10 used as t) . resonator without unduly frequent 
combustlor. or unduly frequent operation of the 
fuel injection or control apparatus. Further- 
more, such a mode of operation can operate on 
a somewhat different cycle, for example, the 
15 "four-cycle” operation to be described with ref- 
erence to Figure 6. ihe resonant frequency 
of a "two-cycle” simplified system, such as shown 
tn Figure 1, is sometimes limited by the rate of 
fuel burning with certain fuels, the occurrence 
20 of tail flame, etc. If a modified cycle of opera- 
tion Is employed with reinforcing explosions 
occurring at a rate lower than the rate of occur- 
rence of the pressure pulses In the focal zone, 
many advantages are present, Including the pres- 
25 ence of time intervals for combustion "blow- 
down" scavenging between successive explosions. 
It is possible to obtain more complete combus- 
tion of the individual fuel increments without 
the occurrence of tall flame carry over into sub- 
30 sequent cycles, or any continued burning during 
the operation of the apparatus. Good thermal 
efficiency results from any method for burning 
the charge substantially In separate definite 
pulses, preferably in step with all or a portion 
35 of the number of recurring wave cycles. 

Many advantages accrue from the substantial 
confinement of the burning to a zone which is 
relatively small compared to the volume of the 
sonic cavity. Thus, in a sphere, it is desirable 
40 that combustion be confined to a relatively small 
zone in the center of the sphere, the remaining 
radius of the sonic cavity representing a wave 
path. In many of the embodiments of this 
invention focal zone confinement of combustion 
is accomplished by Introducing the reagents di- 
rectly Into the desired zone and providing means 
for rapid local combustion immediately after 
entry (usv illy substantially completely burning 
the then existing charge on each wave cycle* . 
50 To aid in confining combustion to such a cen- 
tral zone, the embodiment of Figure 6 includes 
an orifleed body 8 * forming a part of a sound- 
wave generator 88 . This orifleed body 84 is 
shown as including a cylindrical side wall 16 
55 with end flanges 87 extending a short distance 
Inward to provide orifices 81 and to provide a 
peripherally confined zone 88 forming a part of 
a combustion chamber 10 in which the fuel incre- 
ments are burned. To prevent concentrated Jet 
ao effects through the orifices 88 . curved baffle ele- 
ments 61 may be disposed concentric with each 
orifice 68 to spread expanding gases into cone- 
like shape. Each of these curved elements 81 
may be mounted on an arm 62 which, if desired. 
65 may be flexible to permit small sidewise move- 
ment of the elements 61 to transmit sound waves 
directly to the gas In the sonic cavity 81 around 
the body 5* by actual movement or vibration 
of the elements 81. In this way, these movable 
70 elements serve as periodic energy transmitting 
diaphragms similar to the diaphragm feature 
for maintaining separate the products of com- 
bustion and auxiliary pumped fluid, as shown 
in my copending applications Serial Nos. 439,926 
76 and 589,754, both now abandoned, a feature 
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which I find can be used In this invention. Whllo 
the sound waves generated by such an inter- 
mittent-explosion system will not have exactly 
spherical wave fronts, the gas-spreading action 
and movement of the elements 61 tend to pro- a 
duce a wave front which is substantially spheri- 
cal, that is, a wave front sufficiently spherical 
to produce the results desired. 

An intake pipe 65 conducts air or a fuel-air 
mixture to the combustion chamber 60 and dls- io 
charges substantially tangentially thereinto, as 
best shown in Figure 6, whereby the incoming 
stream is whirled by deflection in the peripher- 
ally-confined zone 69 to prevent escape from the 
combustion chamber 60 before ignition. This ia 
tangential entry permits much higher velocity of 
the incoming charge without giving problems 
from exceeding the rate of flame propagation 
and dislocating the actual combustion as must 
be safeguarded against with unbaffled combus- 20 
tlon zones. Disposed at some point along the in- 
take pipe 65 is a spring-loaded check valve 67 
which may operate in accordance with the pre- 
vious disclosure regarding the valve 93 of Figure 
1 but which is preferably mechanically actuated 25 
by a push rod 68 engaging a rocker arm 69 car- 
rying a roller 70 engaging a cam 71 on a rotat- 
ing shaft 72. This shaft is driven at a speed 
proportional to the combustion or oscillation fre- 
quency by means later to be described, and ex- 30 
tends into a gear box 74 containing step-up gears 
driving a shaft 75 at a higher speed. This shaft 
is connected in driving relationship with a 
blower, supercharger, or rotary compressor 76 
discharging into the intake pipe 65 and intaking 33 
from an induction unit 77 equipped with a suit- 
able throttle, such as a butterfly, and operated 
by throttle arm 78. A suitable carburetor 80 
leeds a fuel-air mixture to the induction unit 77, 
air entering the carburetor through an indue- <)() 
uon pipe 81 and fuel entering through a fuel line 
82. If a fuel-air mixture is being supplied by the 
carburetor 80, the amount thereof entering the 
blower 76 and subsequently delivered to the com- 
bustion chamber 60 is controlled by the position 46 
of the throttle arm 78 which, In turn, is connected 
to a cable 83 extending to a suitable throttle 
control. 

The fuel-air mixture may be ignited in the 
combustion chamber 60 by one or more spark 60 
plugs 85 at the periphery of the combustion 
chamber 60 and preferably firing together. 
These spark plugs may be energized by means 
of leads 86 extending through an insulator 87 
mounted in the sphere and extending to a mag- B5 
neto 88 driven at a speed proportional to the 
shaft 72 from suitable gearing in the gear box 
74. On the other hand, if the supply of fuel 
through fuel line 82 is shut off, the throttle arm 
78 merely controls the amount ol air discharged eo 
into the combustion chamber 60. In this in- 
stance, liquid fuel may be injected into the com- 
bustion chamber 60 through a suitable fuel In- 
jector 90 acting to atomize the discharged fuel. 
Increments of liquid fuel are fed to the injector gg 
90 through a pressure line 91 communicating 
with the discharge of a fuel injection pump 92 
driven by a cam 93 on the shaft 72. For mixture 
control, the displacement control of the injector 
pump 92 can be linked to the air flow control in 70 
well known internal combustion engine design 
procedure. 

The main discharge of gases from the sonic 
cavity 51 can be through a discharge pipe 94, the 
Inner end of which preferably terminates either 7 ;, 
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In the region of a pressure node (velocity anti- 
node), as has been Inal ;ted in Fig. 6 , or in a 
region of minimum alternating wave energy 
density ( 1 . e., adjacent an outer wall), as pre- 
viously described. The gases thus discharged 
can be used for any purpose, Including those de- 
scribed with reference to Figure 1 and including 
the driving of the turbine-compressor arrange- 
ments suggested. In this embodiment of the In- 
vention, the gas discharge orifice Is controlled by 
* valve at the Inner end of the pipe 94 and com- 
prising a rotatable vfclve member 95 secured to a 
rod 16 threaded In a spider 98 and operable by a 
handle 99 outside the sphere. Since closing down 
of this valve reduces tire outflow and Increases 
the back pressure on the system, the mean pres- 
sure within the sphere may be elevated thereby. 
One or more suitable pressure relief valves 100 
may take the place of the valve 37 in Figuic 1 to 
relieve undue pressure in the spherical cavity or 
to make possible an Idling of the system, as- 
suming that the valve 95 Is closed. 

Discharge pipe 94 may be enlarged at some 
section near Its outer end to provide a chamber 
94a. Preferably the dimensions of this chamber 
and the length of pipe between It and the valve 
95 are selected to resonate at the frequency at 
which the cavity is operated, or at some fre- 
quency above or below the resonant frequency of 
the cavity at which an Impedance can be ob- 
tained at the valve 95 which result in minimum 
energy losses from the resonating cavity. The 
bulb 94a also serves as a surge chamber to 
smooth out the discharge. 

The shaft 72 is driven by a turbine 103 or other 
means Insuring that the speed of rotation of the 
shaft shall be proportional to the frequency of 
the desired sonic oscillations in the cavity 51. 
If a condition of standing wave resonance is to 
be maintained in this sonic cavity 51. the speed 
of the shaft 72 will be proportional to the nat- 
ural resonant frequency of the sonic cavity if 
cam-timed fuel Introduction and ignition are to 
be used. Wi.en employing the turbine 103 to 
drive the shaft 72, a portion of the compressed 
gases may be removed from a zone of small or 
minimum pressure variation in the sonic cavity 
through an orifice 104 into a pipe 105, the orifice 
serving to prevent tendency for sonic oscillations 
within the pipe. This pipe feeds the substan- 
tially constant-pressure gases to the intake of 
the turbine 103 to drive same, the discharge 
from the turbine being either into the atmos- 
phere or being used for other purposes such, for 
example, as forming a Jet for propulsion or other 
purposes. For instance, the turbine discharge 
may be conducted to a nozzle 106 by opening a 
valve 107, or, as is often desirable, a heat ex- 
change can be arranged with the incoming air 
by opening a valve 108 to conduct the turbine 
discharge to a jacket 109 around a portion of 
the intake pipe 65 preparatory to discharge 
through nozzle 110. To maintain the speed of 
the shaft 72 constant, a governor 112 is provided 
having a governor arm 1 13 connected by link I 14 
to a throttle arm 115 controlling the position of 
a throttle 116, such as a butterfly valve posi- 
tioned in the pipe 105. The governor controls the 
throttle 116 in such way that the shaft 72 will 
run at fixed speed regardless of the load placed 
on the shaft 72 by various settings of the throttle 
arm 78 associated with the blower 76. During 
starting of the device, the shaft 72 can be driven 
by auxiliary means at the desired speed. 

The system thus far described with reference 



to ngure 6 can be operated on a "four-cycle” 
principle, the term being used as somewhat 
analogous to the fcur-cycle operation of a piston- 
type internal combustion engine. With this 
mode of operation, the frequency of explosions 
will be one-half of the fundamental frequency 
of the sphere and one explosion will occur in step 
with alternate pressure pulses in the focal zone, 
it should be understood, however, that modified 
timing will permit other cycles of operation in 
which an explosion occurs only after a prede- 
termined number of pressure pulses, the resonat- 
ing qualities of the sonic cavity allowing it to 
"fly-wheel'' between intervening explosions. In 
this connection, a large amount of energy Is 
stored in the resonating cavity 50 and this is 
somewhat analogous to the flywheel of a pis- 
ton-type internal combustion engine. 

The "four-cycle" operation can best be ex- 
plained with reference to Figure 8, which is 
similar to Figure 4 in that a sine wave S rep- 
resents pressure variations in the focal zone un- 
der low-load, idling, or “fly-wheeling" condi- 
tions. Points I, 2, 3, 4, and 5 long this wave 
designate one complete sonic cycle, while points 
6, 6, 7, 8, and r designate a second complete 
sonic cycle. Together, these sonic cycles rep- 
resent one complete operating cycle. The valve 
67 is timed to admit combustion-supporting air 
at a time between points I and 3 of Figure 8. 
If desired, the valve 67 can be maintained open 
for the entire time between points I and 3, or it 
can be opened for any fractional length of time. 
As previously mentioned, fuel can be Introduced 
along with this combustion-supporting air or it 
may be injected by the injection nozzle 90 near 
point 3. If the fuel spray hits a hot spot in 
the combustion chamber 60, the initiation of 
combustion is automatically controlled by the 
timing of the fuel injection. However, if a 
closer control of ignition is desired, this can be 
accomplished through energization of the spark 
plugs 85, this normally occurring around point 

3, The combustion reinforces pressure peak 4, 
after which expansion toward negative wave peak 
6 occurs. Thereafter, the pressure rises to a 
second peak 8 , by wave resonance unaided by 
any additional explosion, and then drops to 
point !' preparatory to starting another operat- 
ing cycle. An actual plot of the pressure varia- 
tions in the focal zone will not be truly sinusoidal. 
In fact, admission of the combustion-support- 
ing air through valve 67 will tend to make the 
curve between I and 3 follow more nearly the 
dotted line curve I IT. Similarly, the explosion, 
reinforcing the otherwise-present pressure peak 

4. will tend to raise the pressure more nearly to 
dotted line curve 118. Admission of auxiliary 
air between points 5 and 7, in a manner present- 
ly to be described, will make the curve approach 
more nearly the dotted line curve 1 19. 

Returning to Figure 6, it is often desirable to 
supply a stream of auxiliary air to the sonic 
cavity 61 in addition to the combustion-support- 
ing air supplied through pipe 65. A stream of 
auxiliary air thus introduced may blend with 
and dilute the products of combustion and will 
be discharged at higher pressure through the 
pipe 94 or the pipe 105 along with the products 
of combustion. Figure 6 shows three systems 
for introducing such auxiliary air, these sys- 
tems being usable singly or together. In all three 
systems, it is usually desirable to introduce the 
auxiliary air into a zone of substantial pres- 
sure variations ttierebv avoiding the necessity 


of any pump for the auxiliary air— particularly 
when a high mean 6tatlc pressure is maintained 
in the cavity. 

The first system for introducing a stream of 
5 auxiliary air operates in timed relationship with 
the shaft 72. It includes an auxiliary air-intake 
pipe 120, terminating adjacent the focal zone 
53 just outside the comubstion chamber 60. A 
valve I - 1 is disposed at some position along this 
10 Pipe, this valve being shown as of the poppet 
type, tendi^.c to remain closed because of the 
action of a spring 122. The valve is operable by 
longitudinal movement of a push rod 123 travers- 
ing the pipe <20 and bearing against a cam 124 
15 on the shaft 72. In a "four cycle” operation. It 
is usually preferable to open the valve 121 be- 
tween points 5 and 7 of Figure 8, thus tending 
to reduce the rarefaction toward the dotted line 
119, as previously mentioned. The valve can, 
20 however, be opened during each rarefaction pulse, 
if desired. In any event, it should be closed 
before the pressure moves up too high on the 
subsequent pressure pulse curve. 

The second system for introducing a stream 
25 of auxiliary air includes an auxiliary air-intake 
pipe 125 providing a spring-operated valve 126 
opening upon each rarefaction pulse of suf- 
ficient magnitude to overcome the biasing ac- 
tion exerted by springs 127 and 128 on the valve 
.70 126, taking into account pressure variations on 
opposite sides of the valves. The spring 127 is 
stronger than the spring 128, thus tending nor- 
mally to hold the valve 126 closed, the double 
spring arrangement is desirable because it is 
,75 easier to provide any degree of valve bias against 
the seat independent of the spring-constant 
which tunes with the mass of the valve. 

The third system for introducing a stream of 
auxiliary air to the sonic cavity 51 includes an 
•10 auxiliary air-inlet pipe 130 communicating with 
the zone P' immediately Inside the reflecting 
surface 52 of the sphere. A valve 131, biased to- 
ward closed position by spring 132. is employed 
to admit air each time a rarefaction pulse exist, 
45 in the zone P' sufficient to overcome the action 
of the spring. 

I have found that an auxiliary air system such 
as the second or third above mentioned will per- 
mit continued operation even if the first mcn- 
50 tioned system is used for mechanical control 
of discharge phnsing by selecting a desired phase 
setting of cam 124 for discharge at a certain pres- 
sure region on the wave curve. 

Some advantages arise from employing aux- 
6® iliary air-intake pipes 120 or 125 of selected 
length with reference to the sonic wave pattern. 
By appropriate control of length, a column of the 
auxiliary air within such pipe may be caused 
to resonate with such phasing as to nsslst 
pumping because of sonic energy transmitted 
rearwardly through the associated valve during 
the time that it is opening, open, or closing. A 
relationship aiding in the operation of the valv^ 
Is one in which such a pipe has a length cone- 
®® sponding to one half wave length of the sound 
waves In the contained column of air; although 
lengths substantially corresponding to a multiple 
of % sphere radius can be employed, particularly 
when the sphere is resonated at Its fundamental. 
70 One desirable resulting phase response is that 
which provides a positive pulse in the pipe ad- 
jacent the Intake valve at opening time. 

Figure 6 also discloses an automatic control for 
the system, operating in response to change In 
1 •’ mean pressure In the sonic cavity 51. For this 
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purpose, a control pipe I SI extends Into the 
sphere and terminates in a restricted orifice III, 
preferably near a zone of low pressure variation. 

The control pipe (SB may also contain another 
restricted orifice 1ST, these orifices tending to 5 
smooth out any remaining pressure undulations 
so as to supply a constant pressure, substantially 
corresponding to the mean pressure in the sonic 
cavity 51, to a bellows 140 working against a 
spring 141. The bellows is connected by cable or 10 
rod 142 to the throttle arm 78. The arrange- 
ment is such that the throttle is moved toward 
open position when the mean pressure falls. On 
the other hand, when the mean pressure in- 
creases, the throttle is closed, ultimately to an 15 
idling or stop position. Such a control system is 
shown with particular reference to the control 
of combustible mixtures formed by the carbu- 
retor 80. If fuel injection is utilized, the bellows 
140 can be also connected to any of the well known 20 
means for varying the amount of fuel injected 
with each stroke of the pump 92. 

Figure 9 shows an alternative construction of 
a combustion chamber which can be employed 
in the embodiments of Figures 1 nnH fi to nrn. o-, 
duce sound waves having a more nearly spherical 
wave front. Here, the oriflced body is indicated 
by the numeral 144 and is, in itself, a small hol- 
low sphere providing a combustion chamber I4S 
therein. Into this combustion chamber, the ">o 
combustion-support, ig air or the fuel-air mix- 
ture is introduced tangentially through the pipe 
65, previously described, and no other perfora- 
tions are provided in the body 144 in the peri- 
pheral zone to which this pipe Is tangential, .’M 
Other portions of the body 144 are oriflced by 
employment of short pipes 146 mounted in the 
walls thereof and extending a slight distance 
within the combustion chamber for purposes sim- 
ilar to the flanges 57 previously mentioned re- <0 
garding Figure 7. 

Figure 10 shows an embodiment of the inven- 
tion employing a cyllndrically-shaped resonator. 
Here, a cylindrical wall ISO defines a cylindrical 
sonic cavity 151 closed at its ends by heads 152. 45 
Tlie cylindrical wall 150 provides a curved surface 
153 tending to concentrate reflected sound waves 
toward a focal zone which, in this instance, ex- 
tends along the central axis of the cylindrical 
wall (50. A sound wave generator 155 is disposed 50 
in the sonic cavity 151, preferably adjacent the 
focal zone. This generator is shown as includ- 
ing an oriflced body 156 in the form of a small 
cylinder closed by the heads 152 and coaxial 
with the focal zone. 55 

Increments of fuel are burned intermittently in 
a combustion chamber 157 within the body 166, 
this being accomplished, for example, by deliver- 
ing combustion-supporting air to the combustion 
chamber 157 through a plurality of intake pipes 
160 spaced longitudinally along the axis of the 
cylinder 150, each pipe being equipped with a 
valve 161, the opening of which is timed by a 
corresponding cam 162 on a shaft 161 turned by 
a suitably governed gasoline engine 164. The 
governing system may Include a governor 165 
having an adjustable arm 166 linked to a throttle 
arm 167 operating a butterfly valve in the induc- 
tion passage between a carburetor 168 and the 
cylinder of the engine 164. The shaft 161 is 
geared to a magneto 170 simultaneously energiz- 
ing spark plugs 175 disposed along the combus- 
tion chamber 157, this energization of the spark 
plugs being timed with respect to the sound 
waves. The shaft (61 also drives a fuel-injection - *• 
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pump 180 feeding, by divided lines, a plurality of 
injection nozzles 181, also spaced along the com- 
bustion chamber 157. These nozzles, the spark 
plugs 171, and the valves 181 are disposed in such 
relative position that a combustible fuel -air mix- 
ture is Ignited substantially simultaneously at 
spaced longitudinal positions of the combustion 
chamber 117. The products of combustion es- 
cape through a multitude of nippled orifices 188, 
these orifices preferably increasing in size in a 
dir ;c ion away from the closest nozzle 181 so that 
the products of combustion are distributed sub- 
stantially uniformly into that portion of the sonic 
cavity 151 around the oriflced body IBS. Such 
combustion products establish sound waves in the 
sonic cavity 151 havin'* substantially cylindrical 
wave fronts, as compared with the substantially 
spherical wave fronts In the previously-described 
embodiments. Such sound waves move outward 
to. and are reflected by, the cylindrical surface 
153, being thereby returned toward, and concen- 
trated in, the focal zone. 

A stream of auxiliary air can be supplied 
through one or more pipes 190. controlled by 
spring leaded or cam-driven valves (91, all in 
the manner previously described. Compressed 
gases comprising products of combustion can be 
withdrawn through one or more pipes 192 under 
control of a valve 191. 

Such a system can function on any of the op- 
eration cycles previously described. There will 
be a zone of large or maximum pressure varia- 
tion in the focal zone. This zone is suggested by 
the letter P of Figure 10 and a similar zone of 
pressure variation Is Indicated at P' near the 
reflecting surface 1 53. If the distance between 
the focal zone and the reflecting surface is ap- 
proximately % of a wave length, a single cylin- 
drical zone of large or substantial velocity vari- 
ation will be established between zones P and 
P' as indicated by V, and the pipe 192 may de- 
sirably discharge compressed gases either from 
a pressure node region in or near the cylindri- 
cal zone V or from a low energy density region 
near the cylinder wall. It will be understood 
that the embodiment of Figure 10 is dlagram- 
matlcally shown and that the control and aux- 
iliary features suggested in Figure 6 may be ap- 
plied thereto. Also, simplified combustion con- 
trol apparatus shown for Figure 1 may also be 
used. 

Figure 11 shows a sonic cavity in the form of 
a spherical sector and comprising a cone 200 
having its large end closed by a spherical re- 
flecting surface 201 braced as at 201a and 201b 
for rigid reflection and having in its small end 
a transversely positioned grill 202, comprised of 
a number of horizontal baffles 204 which have an 
airfoil cross section as seen in Figure 11. A 
number of fuel nozzles 205 are disposed in rows 
between baffles 204 with their openings direct- 
ed Into the conical cavity. 

Figure 12 shows a sectional view of grill 202 
along the line 12 — 12 as viewed normally from 
the cavity. The fuel nozzles 205 are supplied 
with fuel from fuel pump 206 by pipes 207 when- 
ever the air pressure near the fuel nozzle open- 
ings falls below a certain delivery pressure. A 
second grill 201, parallel to the first grill 202 
and located directly behind it away from the 
conical cavity, contains a large number of small 
rectangular openings 208 as seen In Figure 13. 
Small metal flaps 20£ are attached at the upper 
and lower edges of each rectangular opening so 
as to project from the grill in the direction of 
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the conical cavity. The: flaps tM fcrfe slightly 
bowed toward one another so that when un- 
stressed their outer edges touch along a line and 
they form a pointed arch as shown In the frag- 
mentary perspective view Figure 14. Grill 201 s 
is cast with a smell arch-shaped projection 213 
from the vertical sides of each rectangular 
opening. These projections provide seats for the 
lateral edges of the flaps 208 and also help to 
form a closure of the rectangular opening when tu 
the flaps are In their arched position. 

If the pressure within the small end of the- 
conical cavity falls below that on the outer side 
of the grill 201 the flaps 209 are resillently bent 
away from arch-shaped projections 210 and open is 
like double doors (see Fig. 15) to permit the pas- 
sage of fluid, Reverse flow, however, Is effec- 
tively checked when the valves assume a closed 
position. Valves of this type are particularly ef- 
fective for operation at high frequencies. «o 

When a standing wave exists within the cav- 
ity, the small end constitutes a focal zone 212 in 
which large pressure variations occur. When a 
rarefaction period begins the flaps 209 open and 
admit air, which flows between baffles 204 and 23 
vaporizes fuel from nozzles 205. If desired, the 
pressure of the Inflowing air may be Increased 
above atmospheric pressure by means of a pump 
or blower 2 IS. 

The occurrence of a rarefaction in focal zone no 
212 sufficiently lowers pressure In the region of 
fuel nozzles 205 to permit the discharge of fuel 
under pressure supplied by fuel pump 206. The 
entrance of the fuel charge through nozzles 205 
Is preferably delayed until after the first air in- 3."> 
troduced has cleared the focal zone 212 of com- 
bustion gases remaining from burning the Im- 
mediately previous charge. 

As the rarefaction period draws to a close and 
the compression half of the cycle begins, the rls- 
lng pressure closes the flaps 209 and stops or 
reduces the flow of fuel. The fuel and air charge 
may be ignited either by spark plug 215 excit- 
ed by magneto 216. or by flames lingering from 
the previous combustion or by any other suit- 
able method providing the explosion Is timed to 
reinforce the compression peak of the standing 
wave. Following the compression part of the 
cycle, a new rarefaction ensues and the cycle Is 
repeated If the device Is operating as a two cycle * ,n 
engine: a scavenging cycle may be allowed to 
intervene if four cycle operation Is desired. To 
prevent the occurrence of certain harmonics 
(such as all those above the fundamental) one 
or more "spoiler” tubes 210 may be used which ,M 
are open Into the cavity while closed at the other 
end, and of length equal to x/4 for the fre- 
quency being cancelled to cause reflection 180“ 
out of phase. Also these "spoiler” tubes prefer- 00 
ably open into a pressure antinode for the un- 
desirable harmonic. The compressed air and 
combustion products may be withdrawn through 
a discharge pipe 218 preferably x/4 long and 
preferably^ located toward the large end of the jj-, 
cone In order that gas having a minimum of al- 
ternating energy density may be discharged. 
Also similar pipe 218a In single, multiple, or in 
. the form of an extended slot-passage, may be 
directed so as to give a radiation pressure pro- 7ft 
. pulsion component with the open ends at a ve- 
locity antinode. 

The solid angle subtended at the apex of the 
cone may be of any value provided It la not 
•o small that the effect of divergence from the- 75 
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source is negligible and the apparatus functions 
merely as a closed pipe. 

Various auxiliary equipment, such as previously 
described, may extend into the sonic cavity *nrf 
the system may be designed for positive mechani- 
cal control of fuel and air Introduction, Ignition, 
'tc.. In accordance with the previously described 
systems. 

As seen in Figures 4 and 8, one preferred method 
of operating resonating cavities, such as the di- 
vergent wave cavities disclosed in this specifica- 
tion, provides for introducing a charge of fuel 
and air Into the cavity during each rarefaction 
period. As shown in the embodiments above de- 
scribed, this may be accomplished either by me- 
chanically opening the intake valves during the 
rarefaction period or by using spring-loaded 
check valves In a system In which the fuel and 
air are supplied at a pressure which remains 
substantially constant at the check valve whloh 
opens only during rarefaction periods. It was 
assumed that no appreciable sound waves were 
generated within the intake pipe itself, or that 
If they were generated, they were so attenuated 
within the apparatus as to have little effect on 
the system. It Is possible, however, to design a 
system In which the sound waves generated with- 
in the cavity are transmitted Into the Intake pipe 
and are reflected therein In such a manner as 
to produce large variations In pressure at the 
point of supply to the cavity. These alternations 
occur with the same frequency as the alternation* 
In pressure within the cavity but are not neces- 
sarily in phase with them. These reflected pres- 
sure pulses may be used to Introduce an incre- 
ment of fuel or air, or fuel and air mixture, at 
any time relative to the pressure cycle In the 
combustion zone within the cavity. 

The discussion which follows will be confined 
to the case In which a gaseous mixture of fuel 
and air Is used but it Is to be understood that 
the same methods may be applied to the Intro- 
duction of fuel and air separately or of one of 
them alone. This method is particularly useful 
in using certain hydrocarbon fuels such as butane, 
which may be efficiently used when mixed with 
air before being Introduced Into the combustion 
region. Combustible mixtures of air and fuel 
tend to pre-lgnite If brought Into the cavity dur- 
ing the rarefaction period. This method pro- 
vides a means for Introducing the bulk of the 
charge immediately before peak compression. 

The pipe used for Introducing the fuel into the 
cavity will be referred fo as the intake pipe; Its 
inner end, at which discharge Into the cavity 
occurs, will be referred to as the inner end; its 
opposite end. whether open or closed, will be 
referred to as the outer end. 

In any of the embodiments herein described, 
cavity-pipe interconnection such as the inter- 
mittent Introduction of fuel and air Into the 
cavity. Is certain to generate a series of powerful 
sound wave pulses within the Intake pipe. These 
pulses travel from their point of generation, i. e., 
the inner end, backwards along the pipe until it 
Is reflected either by encountering a rigid wall 
surface or by sudden expansion into an enlarged 
chamber. If the fuel and air supply apparatus 
has within It a number of small obstructions and 
apertures at various distances from the opening 
Into the cavity a number of small amplitude waves 
will be reflected and each will be attenuated so 
that no substantial pressure variations result 
therefrom at the Inner end. If, however, the in- 
take pipe Is smooth and generailv free from ob- 
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structlons, and multiple openings between the 
cavity Intake point and the first region of dis- 
continuity, and If this discontinuity Is such as 
to reflect almost entirely any wave Impinging 
upon It then such reflected waves will return to 
the Inner end to produce large pressure varia- 
tions thereat. These pressure variations would 
occur exactly In phase with the pressure varia- 
tions within the cavity at the pressure antinode 
region adtacent the pipe’s Inner end If the length 
of the Intake pipe from Its Inner end to the 
discontinuity Is precisely a half wave length, or 
multiple thereof, of the cavity’s resonant fre- 
quency, If, however, this distance Is other than 
a half wave length, or multiple thereof, the re- 
turned pressure pulse will be out of phase with 
the pressure variations In the cavity’s combustion 
zone. The pipe length may be made adjustable 
and may be selected so that the reflected pres- 
sure pulse occur In such a manner as to force 
an Increment of fuel Into the cavity at "ny de- 
sired time with reference to pressure variations 
In the combustion region. As previously pointed 
out, best operation with fast burning fuel Is 
achieved If fuel Is Introduced after the occurrence 
of rarefaction and Just previous to peak com- 
pression. 

Figure 16 Is a diagrammatic Illustration of an 
apparatus for utilizing pressure pulses within the 
fuel Intake pipe to Introduce fuel at any desired 
time. Fuel Intake pipe 289 Is mounted In the 
wall of a combustion chamber 10" (Indicated only 
fragmentarlly) and opens at Its inner end 281 
Into a combustion region Indicated by the dotted 
line 13" which Is also a pressure antinode region 
of cavity 10". The outer end 282 of fuel Intake 
t>lpe 280 Is internally threaded to receive the ex- 
ternally threaded section of pipe 281. The oppo- 
site end of pipe section 281 projects Into a tank 
284 through a closely fitting opening 288. Tank 
284 is supplied with fuel and air mixture enter- 
ing through pipe 286. When pipe section 281 
Is rotated in Its threaded connection, Its longi- 
tudinal movement makes It possible to adjust the 
distance from the combustion region 11" within 
the cavity 10" to the opening of pipe section 283 
Into tank 284. Thus In one mode of operation 
for example, this distance may be made slightly 
less than A wave length In which case a rare- 
faction at 13" will cause an Insurge of fuel and 
air mixture Into region 13" almost % of a period 
later at a time shortly before peak compression. 
It will be noted that no valve Is necessary for the 
Intermittent Introduction of fuel In this davioe. 

In Figure n is shown a fuel Intake pipe which 
uses a rigid wall surface In its outer end In order 
to reflect sound waves. A fuel Intake pipe 290 
Is mounted In the wall of a resonating chamber 
10'", and projects Inwardly so as to open Into 
the resonating cavity at a combustion region In- 
dicated by the dashed line 13"’ which Is also a 
pressure antinode region of chamber 10”'. Fuel 
and air are supplied to fuel Intake pipe 290 
through a side branch 291. The outer end of fuel 
Intake pipe 290 Is Internally threaded to receive 
an externally threaded plug 292 which may be 
threaded in or out of the pipe 290 In order to ad- 
just the length of fuel intake pipe 290 from the 
opening 284 Into combustion zone 13'" to the 
reflecting surface 293 on the Inner side of plug 
262. If this length Is made slightly less than a 
half wave length of the cavity’s resonant fre- 
quency then a pressure pulse 13'" will travel down 
pipe 290, be reflected at surface 293 and return 
up pipe 290 toward combustion region 13"’, in 
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slightly less than one period so as to Introduce an 
Increment of fue. tightly before the compression 
peak. 

It Is frequently desirable to prevent backfire 
6 Into the fuel intake pipe by means of a screen 
transversely positioned In the pipe near the Inner 
end. Such a screen Is Indicated by numeral 207 
In Figure 16 and by numeral 298 In Figure 17. 

*n the graph of Figure 18 the solid line 300 ln- 
10 dicates the pressure cycle within combustion zone 
13"' and the dashed line 301 Indicates the oc- 
currence of pressure pulses Just within the Inner 
end of the fuel Intake pipe and resulting from 
the reflection of previous pulses from the end of 
15 said pipe. The Induction of fuel from the fuel 
Intake pipe Into the combustion zone of the reso- 
nating cavity e.t the fuel Intake opening is aided 
when the pressure Just within the inner end oc- 
curs before the pressure within the cavity a slight 
2o distance from the fuel ;dpe opening. Although 
the pipe length may be adjusted to cause any de- 
sired phasing. Including in-phase resonance. In 
this case the length has been selected so that a 
reflected pressure pulse 302 appears at the fuel 
2a Intake opening slightly before the occurrence 
of peak compression 303 In cavity 10'". The 
maximum intake period is Indicated in the graph 
by the time abscissae 304 to 300. Although the 
embodiments of Fig. 16 and Fig. 17 do not employ 
30 Intake valves, It is to be understood that such 
valves whether mechanically driven or pressure 
responsive may under proper circumstances be 
used in connection with such a system. Any of 
the embodiments described In previous figures 
35 may likewise be converted to a system of this type. 
For example, the embodiment of Fig. 6 may oper- 
ate In the manner of Fig. 16 if the turbine casing 
is sufficiently enlarged, or If a sufficiently large 
chamber Is interposed between the turbine and 
40 the air Intake pipe 68, or If air from the turbine 
enters the air intake pipe (8 from a side branch, 
the end of the air Intake pipe being closed by a 
solid wal’. 

In all embodiments of the Invention, there will 
be a remarkably complete combustion of the fuel 
employed for generating the sound waves. The 
described sonic standing wave established In the 
chamber creates very large variations In pressure 
adjacent the focal zone, and these appear to aid 
50 combustion as well as to give large expansion 
ratios conducive to high thermal efficiency, not 
to mention the function of these pressure varia- 
tions in controlling the intake of combustion- 
supporting or auxiliary air. In addition, the ln- 
55 vention lor the first time provides a means for 
creating very large pressure variations In a con- 
tainer without applying equal peak pressures to 
the Inner walls thereof. Still further, the Inven- 
tion is capable of high outputs and excellent 
50 thermal efficiencies. One consideration In ob- 
taining high output from the sonic systems herein 
disclosed is the maintenance of a relatively high 
mean pressure In the sonic chamber. This mean 
pressure Is controlled largely by the discharge of 
95 gases from the sonic cavity and by the automatic 
throttle control of Figure 6. If this discharge of 
gases is against a throttling valve or other means 
for maintaining a back pressure on the system. 
It is very easy to obtain the mean pressures of 
70 two atmospheres or above desired for high output 
systems. 

Tills invention Is not limited to the use of 
oxygen-free fuels, but comprehends the possibility 
of Injecting explosive type reagents to generate 
76 the wave pattern. 
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In the present specification, the term "sound 
waves" is used with reference to elastic waves 
transmitted through a deformable medium, typi- 
cally gases in the present instance, the waves 
travelling therethrough at the speed of sound in 5 
this medium, the frequency being usually, though 
not necessarily, within the frequency range of 
audibility for the human ear. Simi'arly, terms 
such as "sonic,” acoustic,” and similar terms are 
herein used without limitation as to humanly 10 
audible frequencies. Actual test operation has 
proven that many practical sizes and modes of 
operation of the apparatus results in frequencies 
recognized as within the human audible range. 

Por human comfort, this Invention comprehends 16 
the provision of sound deadening covering over 
the apparatus as well as conduit mufflers such as 
standard engine exhaust mufflers connected with 
the various intake and discharge pipes. 

Certain of the broader subject matter of the 20 
instant application is disclosed and claimed in 
my copending applications, Serial Nos. 439.926 
and 589,754, both now abandoned, which dis- 
close and claim certain of the broader aspects 
of a thermally excited resonator without limlta- 25 
tion to the employment of diverging waves only. 

Various changes and modifications including 
combining any one or more embodiments of this 
Invention into series multi-stage or parallel 
multiple combinations can be made without de- 80 
parting from the spirit of the invention as de- 
fined in the appended claims. 

I claim as my invention: 

1. In combination: walls defining a closed 
cavity and a substantially curved sound-wave- 35 
reflecting surface shaped to reflect sound waves 
originating within a predetermined zone spaced 
from said reflecting surface, toward a focal zone 

of said reflecting surface, said cavity being 
adapted to contain a fluid; a thermally excited 40 
sound-wave generator located within said pre- 
determined zone for establishing sound waves in 
said fluid, said generator being operable at a 
frequency high enough to produce sound waves 
whose quarter wave length Is ,ess than the dls- 46 
tance between focal zone and reflecting surface, 
and which is such as to establish standing wave 
resonance, with sound waves launched toward 
said reflecting surface reflected and concentrated 
in said focal zone to produce a pressure anti- 60 
node at said focal zone and a velocity anti-node 
between said focal zone and said reflecting sur- 
face; means for intermittently introducing fluid 
to said pressure anti-node region of said cavity 
in response to decreasing pressure of said sound 66 
waves; and discharge means leading from the 
velocity anti-node region of said cavity. 

2. In combination: walls defining a closed 
cavity and a substantially curved sound-wave- 
reflecting surface disposed geometrically about a oo 
focal zone to reflect toward said zone sound 
waves which originate therein, said cavity being 
adapted to contain a fluid; a thermally excited 
sound-wave generator located within said closed 
cavity at a position adjacent said focal zone for 85 
generating said waves, said generator being oper- 
able at a frequency to produce standing wave 
resonance in the cavity, with a wave train mov- 
ing from said generator through said fluid to 
said reflecting surface to be reflected to and con- 70 
centrated in said focal zone, all in a manner to 
produce a pressure anti-node region at said sur- 
face, another pressure anti-node region at said 
focal zone, and a velocity anti-node between said 
pressure anti-nodes; means for Intermittently 76 
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introducing fluid to the pressure anti-node region 
at said focal zone of said cavity In response to 
decreasing pressure of said sound waves; and 
fluid discharge means leading from said velocity 
anti-node region of said cavity. 

3. A combination as defined In claim 2, in 
which said reflecting surface is substantially 
spherical In shape, and wherein the radius of 
said sphere Is greater than a quarter wave length. 

4. A combination as defined in claim 2, In 
which said reflecting surface is substantially 
cylindrical In shape to provide an elongated focal 
zone, and In which said sound-wave generator 
Is elongated to occupy a substantial portion of 
the length of said focal zone. 

5. A combination as defined in claim 2 in 
which said cavity Is substantially conical In shape 
and said reflecting surface comprises the base 
of said conical cavity and corresponds substan- 
tially to the surface of a sphere having Its center 
at the apex of said conical cavity. 

6. In combination: walls defining a cavity, 
said walls including a reflecting surface shaped 
to rpflect sound waves originating adjacent a 
focal zone of said reflecting surface, said cavity 
being adapted to contain a fluid; a sound wave 
generator within said closed cavity at a position 
adjacent a focal zone of said surface; means for 
operating said sound wave generator at a fre- 
quency which resonates said cavity; means com- 
municating with a pressure antinode region for 
delivering a fluid to said closed cavity during 
periods of low pressure; and discharge means 
for withdrawing fluid from said closed cavity at 
a position near a zone of substantial velocity 
variation. 

7. In combination: walls defining a cavity 
bounded at least In part by a reflecting surface 
shaped to reflect resonant sound waves therein 
toward a region of relatively high energy density; 
means for resonating fluid in said cavity; intake 
means for introducing fluid into said cavity near 
a region of large pressure variation during rare- 
faction periods at said region; discharge means 
leading from a pressure antinode region of rela- 
tively low energy density, said discharge means 
being rearwardly directed to provide a propulsive 
Jet and having a length sufficient to produce a 
velocity antinode at the outer opening to produce 
alternate jetting and sucking. 

8. In combination: walls defining a cavity 
bounded at least In part by a reflecting surface 
shaped to reflect sound waves toward a region 
of relatively high energy density; means for In- 
troducing fluid Into said cavity; means for res- 
onating fluid in said cavity; and brace means for 
connecting said reflecting surface walls to other 
support means, said brace means being sufficient- 
ly rigid to substantially reduce any vibration of 
said reflecting surface; and means for discharg- 
ing compressed fluid from said cavity. 

9. In combination: walls defining a cavity 
bounded at least in part by a reflecting surface 
shaped to reflect sound waves originating in a 
focal region of said reflecting surface toward a 
region of relatively high energy density; means 
for resonating fluid in said cavity; intake means 
for Introducing fluid into said cavity near a re- 
gion of large pressure variation during rarefac- 
tion periods at said region, said intake means 
comprising a plurality of reed valves having a 
frequency not less than the resonant frequency 
of the cavity; ar.d discharge means from said 
cavity. 

10. A combination as in claim 9 In which said 
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reed valves are disposed over a surface In the 
shape of the wave front to be generated. 

11. In combination: a substantially curved 
sound- wave-reflecting surface having a focal zone 
and so shaped that sound waves emanating from 5 
said focal zone will move outward to said surface 

to be reflected toward and concentrated in said 
focal zone: means for burning increments of fuel 
in said focal zone at such frequency as to estab- 
lish a condition of acoustic resonance In the 10 
space between said focal zone and said reflecting 
surface with a first pressure antinode region ad- 
jacent said reflecting surface and second pressure 
antinode region adjacent said focal zone, there 
being at least one velocity antinode region be- is 
tween said reflecting surface and said focal zone: 
means for supplying fuel to said fuel burning 
means; and means for withdrawing products of 
combustion from said velocity antinode region. 

12. A combination as defined In claim 11, in 20 
which said substantially curved sound-w*ve-re- 
flecting surface bounds at least a portion of a 
closed cavity, and including means for restricting 
the discharge of said products of combustion 
from said velocity antinode region to maintain 25 
a main pressure in said closed cavity. 

13. In combination: a substantially curved 
sound -wave-reflecting surface having a focal 
zone: walls defining a combustion chamber ad- 
jacent said focal zone; a movable member adja- 30 
cent said combustion chamber; means for intro- 
ducing fuel to said combustion chamber; means 
for burning increments of fuel in said combus- 
tion chamber to create pressure pulses therein 
acting upon one side of said movable member 35 
to move same to aid in establishing a sound wave 
moving to said reflecting- surface; and fluid dis- 
charge means leading from said cavity. 

14. In combination: an internal-combustion 
resonator including a sonic cavity bounded at 40 
least in part by a substantially curved reflecting 
surface; means for introducing fuel to said cav- 
ity; means for intermittently burning increments 

of said fuel in said cavity to establish therein 
substanti a condition of acoustic resonance 
to create pressure undulations in a focal zone 
of said reflecting surface; a shaft; means for 
turning said shaft at a speed proportional to 
the pressure undulations in said cavity, said 
means for intermittently burning said increments oo 
of fuel includirfg ignition means timed by the 
rotation of said shaft for igniting said increments 
of fuel: and fluid discharge means leading from 
said cavity. 

15. In combination: walls defining a sonic cav- 05 
lty bounded at least in part by a reflecting sur- 
face disposed about a focal region; a fuel-intro- 
ducing means for intermittently supplying incre- 
ments of fuel to said cavity; a turbine receiving 
products of combustion from said cavity and 00 
operatively connected to said fuel-introducing 
means; means for Initiating combustion of said 
fuel increments in said sonic cavity to form said 
products of combustion; and means for control- 
ling the speed of said turbine to control the rate o.'> 
of fuel introduction in a manner to establish 
substantially a condition of acoustic resonance 

in said sonic cavity. 

16. In combination: walls defining a sonic cav- 
ity bounded at least in part by a reflecting sur- “o 
face; means for Introducing into and burning in 
said cavity increments of fuel at such frequency 

as to establish a condition of acoustic resonance 
in said chamber, said reflecting surface being 
shaped to reflect sound waves toward and to I® 
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establish large pressure variations In a zone ad- 
jacent the point of fuel Introduction: means for 
timing the introduction and burning of said fuel 
increments to occur at a frequency lower than 
but proportional to the resonant frequency of 
the sound waves in said sonic cavity; and fluid 
discharge means leading from said cavity. 

17. In combination: walls defining a sonic cav- 
ity -aunded at least in part by a reflecting sur- 
face. said reflecting surface being shaped to re- 
flect sound waves originating at a combustion 
zone within said sonic cavity back towards said 
combustion zone; means including fuel feeding 
and burning means for Initiating a first explo- 
sion in said combustion zone, said first explo- 
sion tending to establish a train of sound waves 
moving to and fro in said sonic cavity between 
said combustion zone and said reflecting surface 
to create pressure pulsrx in said combustion zone 
at a frequency proportional to the natural res- 
onant frequency of said sonic cavity, the train 
of sound waves initiated by said first explosion 
tending gradually to die down; control means 
operating in step with said sound waves; said 
fuel feeding and burning means being operable 
by said control means to initiate succeeding ex- 
plosions i;i said combustion zone in timed rein- 
forcing relationship with pressure pulses in said 
zone because of prior explosions but with the 
occurrence of at least one un-reinforced pres- 
sure pulse in said combustion zone between any 
two explosions; and fluid discharge means lead- 
ing from said cavity. 

18. A combination as defined in claim 17, in- 
cluding means for admitting a gas to said sonic 
cavity during rarefaction periods. 

19. A combination as defined in claim 17, in 
wlilch said explosions are created by burning in- 
crements of fuel in said combustion zone, and 
Including means operated by said control means 
for delivering an increment of fuel to said com- 
bustion zone during the rarefaction periods pre- 
ceding each explosion. 

20. A method of intermittently burning incre- 
ments of fuel in a sonic cavity having a reflecting 
surface shaped to reflect sound waves toward a 
focal zone of high energy density, which method 
Includes the steps of: introducing said incre- 
ments of fuel into said focal zone and burning 
same therein at a resonant frequency of said cav- 
ity such as to generate sound waves whose quar- 
ter wave length is less than the distance between 
reflecting surface and focal zone and thereby 
establish at said focal zone a pressure anti-node 
characterized by large variations in pressure; and 
withdrawing products of combustion from said 
sonic cavity at a position spaced from said focal 
zone and at which position energy density is sub- 
stantially less than in said focal zone. 

21. In combination: walls defining a chamber 
the interior of which is substantially spherical in 
shape: combustion means located near the cen- 
ter thereof; means for supplying said combus- 
tion means with a combustible mixture; means 
for causing periods of maximum combustion to 
occur at said combustion means with a frequency 
to resonate fluids contained within said hollow 
spherical chamber, said frequency being such as 
to produce sound waves of wave length substan- 
tially 1.4 times the radius of said spherical cham- 
ber, so as to establish a standing wave in the fluid 
in the spherical chamber characterized by cre- 
ation of pressure anti-nodes in the center region 
of the spherical chamber and adjacent the ex- 
terior wall thereof and an intervening velocity 
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anti-node; means for introducing fluid to a pres- 
sure anti -node region of said chamber; and fluid 
discharge means leading from said velocity anti- 
node region of said spherical chamber. 

22. In combination: walls defining an en- 
closed chamber, the interior of which is substan- 
tially conical in shape; combustion means located 
near the apex thereof; means for supplying *ald 
combustion means with a combustible mixture; 
means for causing periods of maximum combus- 
tion to occur at said combustion means with a 
frequency to resonate fluids contained within 
said hollow sphere, and fluid discharge means 
leading from said cavity. 

23. In a resonant combustion chamber pump 
of the type described herein, a means for inter- 
mittently introducing a combustible mixture Into 
said resonating combustion chamber which in- 
cludes: a mixture intake pipe which Is adjustable 
in length, one end opening into said resonating 
combustion chamber and the other end being 


closed; and means for Introducing combustible 
mixture Into said Intake pipe. 

24. In a resonant combustion chamber pump 
of the type described herein, a means for inter- 
,> mittently introducing a combustible mixture Into 
said resonating combustion chamber which in- 
cludes; a mixture intake pipe which is adjustable 
in length, one end opening into said resonating 
combustion chamber and the other end opening 
in suddenly into a region of substantially larger 
cross-section; and means for Introducing com- 
bustible mixture into said intake pipe. 

ALBERT O. BODINE. Jft. 
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AFPABATUS FOB THE EXTBACTION OF LIQUIDS 


Application flled Febmary 6, 1924, Serial Ho, 

My invention relates to moving or trans- 
porting liquids and especially to extracting 
or pumping liquids from deep wells or other 
source of supply in a new manner, its main 
purpose being directed towards a pumping 
$ scheme of very simple and economical con- 
struction hy which the mechanism at the bot- 
tom of the well is reduced to a minimum and 
the extraction of fluid effected from the 
ground level substantially irrespective of the 
10 depth of the well, and thus when used for 
water it is not limited to the 25 or 30 foot limit 
of the usual suction pump for water, and 
similarly the limits usual with pumps for 
other liquids do not persist. In order that 
15 my present invention may be clearly under- 
stood and easily carried into practice, a pre- 
ferred embodiment thereof has been shown in 
the appended diagrammatic drawings where- 
in Figure 1 is a vertical section of a well and 
20 apparatus and Fig. 2 is a diagram of the 
curve of the pressure wave to which reference 
will be made hereinafter. 

In the embodiment shqwn the device con- 
sists of a pipe A through which the liquid is 
withdrawn. The pipe reaches to the bottom 
of the well, or to the liquid level therein, and 
is of a suitable length as will be explained. At 
the bottom of the pipe is a check or,retention 
valve V . The upper end of the pipe A is con- 
30 nected at or about the ground level with a 
pump or compressor C preferably making 
rapid reciprocations with a short stroke. The 
compressor is a valveless pump and is provid- 
ed with an outlet controlled by an adjustable 
3 cock or the like R, through which the pumped 
liquid may pass from the system. The cock 
may be opened at the beginning of the opera- 
tion but may be adjusted to a desirable point 
during operation. 

Before starting the operation of the com- 
pressor' care must be taken to completely fill 
the pipe A and the cylinder of the compressor 
with liquid, carefully excluding substantially 
i5 all free air and being sure that the piston of 
the compressor is in the outermost position. 

It is well known that energy may be con- 
ducted through a column of liquid by setting 
up a wave motion therein. The waves so set 
60 up are comparable to sound waves or waves of 
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electric energy. In order to set up such 
waves it is necessary to cause alternate areas 
of high and low pressure in the medium and 
this may be effected by any suitable known 
means. I find it convenient to use for this M 
purpose a reciprocating piston. The piston 
of the compressor C when rapidly recipro- 
cated sets up waves in the liquid in the pipe A 
by alternately compressing the liquid ib the 
pipe and releasing the pressure especially M 
when the piston has a short stroke. These 

waves have a length L equal to — in which n is 

the number of strokes per second of the piston 
of the compressor C and v is the speed of the os 
wave per second. When operating in water 
the speed of the wave may be substantially 
the speed of sound in the water under the op- 
erating conditions. 

As may be seen from the diagram in Fig. 2 70 
the wave form includes bulges B 1 , B 2 , B* ... 
which are associated with corresponding 
nodes N 1 , N a , N 3 . . . . When the closed end 
of the pipe is at a distance from the recipro- 
cating piston equal to any number of half 78 
waves, that is at O 1 , O 2 , O* ... or when the 
pipe is cut off at a distance equal to any odd 
number of quarter waves, that is at N 1 , 'N 2 , N 2 
, . . , a stationary wave may be set up in the 
pipe. For the purpose of the present inven- 80 
tion .it is preferred to arrange the valve V at 
the end of the pipe and adjust the apparatus 
in such a way that the valve will be at an odd 
quarter wave length such as N 1 , or N 2 etc., but 
the purpose can be accomplished, possibly less 86 
efficiently, by other adjustments. 

The maximum variation of pressure ac- 
companied by no variation in flow of the 
liquid occurs at the points O 1 , O 2 , O 8 . . . 
whereas at the nodes N 1 , N 2 , X s . . . the varia- 90 
tion in pressure is zero with the maximum 
variation in flow of the liquid. By the pre- 
ferred arrangement of placing the valve V at 
the point N 1 or N 2 etc. the liquid may enter 
continuously. The valve V tends to remain 05 
always open but it may open and close from 
time to time during the operation. On the 
other hand the liquid will flow more or less 
intermittently from the cock R when it is ad- 
justed to the proper opening. The required 
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pressure in the apparatus may be regulated 
by choosing an appropriate diameter of pipe 
and by employing a piston of the proper 
cross-section, stroke and speed. If required 
6 or thought desirable or necessary there may 
0 be installed a liquid filled bottle or chamber 
to act as a capacity or condenser in the man- 
ner well known in connection with the trans- 
mission of energy by means of waves travel- 
10 ing in liquids. 

I have found that one specific appropriate 
apparatus which will illustrate in a concrete 
way the present invention may consist of a 
fluid pipe having an internal diameter of one 
15 inch. Such a pipe placed in a well having 
water at a depth of 20 meters may have ar- 
ranged at its lower end a valve opening 30 
millimeters in diameter seated in which is a 
ball of approximately 38 millimeters in diam- 
20 eter and held in place by the usual cage which 
. may be adjusted so that the ball can rise from 
its seat about 20 millimeters. On the surface 
of the earth the pipe may be led into the cyl- 
inder of a compressor of 50 millimeter diam- 
25' eter in which is a piston having a stroke of 
about 36 millimeters. The piston may be re- 
ciprocated at a speed of about 360 revolu- 
tions per minute by an electric motor. Lead- 
ing out from the cylinder of the compressor 
30 may be a pipe of one half inch internal diam- 
eter in which is placed an adjustable cock 
or valve. The cock will not be closed but is 
used merely for adjusting the out flow. The 
piston will be moved to its outermost posi- 
36 tion and the cylinder and pipe entirely filled 
with water, the cock being left open. At this 
time the ball valve will be closed. On start- 
ing the electric motor the ball valve will lift 
from its seat and may remain open through- 
40 out the operation when the cock is properly 
adjusted, but it may vibrate from its seat 
opening and closing during the operation. 
Water will begin to flow from the outlet and 
by an appropriate adjustment of the cock a 
45 continuous operation may be effected and an 
’ output of 1,000 liters per hour procured. 

While the fundamental theory on which 
the operation is based may be somewhat in 
doubt, I believe that the rapid reciprocation 
60 of the piston working upon the water in the 
apparatus produces a series of periodic pres- 
sure variations with periodic changes of pres- 
sure and volume throughout the liquid col- 
umn due to the elasticity and compressibil- 
65 ity of the liquid. The energy waves so set up 
travel to the valve V at which point they may 
be reflected and the transmitted energy is 
sufficient to open the valve V and lift the col- 
umn of liquid at the same time drawing in 
60 liquid from the well itself. In some systems 
of energy transmission through liquid there 
is no substantial flow of the main body of 
liquid for carrying the energy. I have dis- 
covered, however, that apparently the trans- 
65 mission of energy may go through a flowing 


column of liquid and the transmitted energy 
may be relied upoq to keep the liquid in more 
or less constant flow. 

According to the present invention liquids 
may be extracted from substantially any 
depth without using any complicated ma- 7 
chinery or mechanism in the well and simply 
by lowering a pipe of the required length and 
dimensions duly connected to a simple com- 
pressor the latter being at or about the ground 
level. The valve at the lower end of the pipe 
will be subject to .substantially no wear if 
the valve is substantially always in its open 
position during the operation of the compres- 
sor. On starting this valve is closed and great 80 
care must be taken when filling the pipe and 
cylinder with liquid to see that substantially 
no free air remains in the system. 

The piston may work either with the cylin- 
der horizontal or with the cylinder vertical 35 
or inclined. The pipe through which the 
liquid flows may be either horizontal or ver- 
tical or inclined and it may be curved or 
straight. All of these arrangements may be 
referred to as pumps and I use the term pump- 90 
ing as including moving, transporting or con- 
veying in vertical or horizontal or inclined 
direction. 

The term liquids is used to include not 
only simple liquids but also mixtures of 95 
liquids and such mixtures of liquids with 
gases or solids as are capable of being trans- 
ported through pipes or pumped. 

It is obvious that the device has been shown 
only as a preferred embodiment and that any 100 
other may be used for the same purpose. Ap- 
paratus for carrying out the invention may 
be constructed from mechanisms or devices 
already known and used for other purposes 
and the invention is not confined to any 10s 
specific form of valves or compressors or 
means of operating them. 

I claim : 

1. An apparatus for pumping liquids com- 
prising a pipe filled with liquid leading to the 110 
liquid supply, a check valve in the end of the 
pipe in the liquid supply, a compressor cyl- 
inder at the other end of the pipe, an open 
outlet from the cylinder, and a piston in the 
cylinder and means to cause the piston to al- 115 
ternately compress the liquid in the pipe and 
release the pressure. 

2. An apparatus for pumping liquids com- 
prising a pipe leading to the liquid supply 
and filled with liquid, a check valve in the 120 
pipe within the liquid to be moved, an out- 
let for the pipe open to the air, and means 
for alternately compressing the liquid in 
the pipe and releasing the pressure. 

3. Apparatus for pumping liquids com- 125 
prising a check valve in the liquid supply, a 
compressor adjacent the point of delivery, a 
pipe filled with liquid leading from the valve 

to the compressor, an outlet for the liquid, 
and means for operating the compressor to 130 
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alternately compress the liquid in the pipe 
and release the pressure to operate the check ' 
valve and move the liquid. 

4. Apparatus for pumping liquids com- 
6 prising a check valve in the liquid supply, a 

compressor at the point of delivery including 
a cylinder and a piston and an outlet, a pipe 
filled with liquid extending from the valve to 
the compressor, and means for reciprocating 

10 the piston rapidly through a short stroke 
whereby the compression of the liquid pro- 
duced by the piston is varied. 

5. The method of pumping liquids com- 
prising alternately compressing a confined 

15 body of liquid in a pipe and releasing the 
pressure and causing the pressure variations 
to move the liquid toward the compressing 
means and permit 'new liquid to enter the 
pipe from a source of supply. 

20 6. The method of pumping liquid compris 

ing placing in the liquid supply a pipe pro- 
vided with an outlet near one end and carry- 
ing at the other end a check valve in the liquid 
supply, filling the pipe with liquid, and alter- 

25 nately compressing the liquid in the pipe and 
releasing the pressure to cause the liquid to 
flow toward the compressing means near the 
outlet and to cause new liquid from the 
supply to enter the pipe. 

30 7 . The method of pumping liquids in pipes 

having outlets comprising repeatedly com- 
pressing liquid in the pipe and releasing the 
pressure, and causing the pressure variations 
to pass through the liquid so as to cause liquid 

35 to enter the pipe and pass through it. 

8. Apparatus for pumping liquids com- 
prising means for alternately compressing a 
body of liquid in a pipe and releasing the 
pressure, and-an outlet for the pipe, whereby 

40 the variations in compression cause liquid to 
enter and flow through the pipe. 

9. The method of pumping liquid through 
a pipe provided with an outlet near one end 
and a check valve at the other end, compris- 

45 ing placing the check valve in the liquid to 
he pumped, filling the pipe with liquid and 
alternately compressing and releasing the 
liquid in the pipe. 

In testimony whereof I affix my signature. 

50 TORIBIO BELtLOCO. 
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My invention relates to a new type or 
scheme of moving or transporting liquids and 
especially to pumping permitting of the ele- 
vation of liquids from substantially any depth 
5 without the necessity of situating the ma- 
chinery at the bottom of the well and includes 
the employment not only of the energy pro- 
duced by the waves set up by the rapid Re- 
ciprocation of a piston but also the extra 
10 waves or impulses produced by the opening 
and closure of a valve in the system. Varia- 
tions of pressure in the body of liquid in the 
pump may be employed to effect the pumping 
and it is more efficient and a larger output is 
15 produced if the variation is produced in a plu- 
rality of series. 

Figure 1 of the accompanying drawing il- 
lustrates a vertical section through appara- 
tus incorporating the invention. 

20 The apparatus for carrying out the inven- 
tion consists of a pipe reaching to the bot- 
tom of the well or within the water therein 
and provided at its lower end with a check 
valve VT. At or about the ground level the 
25 pipe enters the cylinder of a pump or com- 
pressor provided with a piston. The cyl- 
inder has a single valve VS. In beginning 
the operation the piston is placed at its outer- 
most position and the pipe and cylinder are 
30 completely filled with liquid, care being taken 
to exclude substantially all free air. The 
valve VI prevents the liquid running out of 
the pipe and the valve VS is closed. The pis- 
ton is then pushed forward by a suitable 
35 power and its reciprocation started. After 
the piston has moved a proper part of its 
stroke the valve VS is opened and liquid is- 
sues therefrom. The valve VI also opens and 
liquid enters the bottom of the pipe from the 
40 well and the continued operation of the device 
lifts liquid from the well bottom and delivers 
it through the valve VS which is closed at the 
proper part of each stroke of the piston at 
which time the outflow of liquid will be tem- 
45 porarily stopped. 

I have thus described the physical opera- 
tion of the apparatus, while the underlying 
theory of its operation and the theoretical ap- 
plication of the physical forces involved may 
60 not be entirely clear, there will now be set 


forth a full and clear statement of what is be- 
lieved to be the explanation of the operation 
and how the physical forces interact with 
the apparatus to produce the desired effect. 

The apparatus employed involves three 55 
parts, namely (1) the apparatus for produc- 
ing the impulses or waves of force and for 
producing the opening and closing extra 
waves or impulses (2) the transmission line 
or pipe (3) a valve in the lower end of the co 
pipe which may produce in its turn opening 
and closing extra waves or impulses. 

1. The first portion of the apparatus may 
consist of a compressor of any approved de- 
sign having a single valve VS diagrammati- 65 
cally illustrated in Fig. 1. The piston of the 
compressor is rapidly reciprocated prefer- 
ably through a short stroke so as to produce 
waves of energy in the liquid column. Initi- 
ally the piston is moved to its outermost po- 70 
sition and the pipe and compressor cylin- 
der filled with liquid. The valve VS is initi- 
ally closed. The compression of the liquid 
caused by the inward stroke of the piston 
initiates a wave movement through the 76 
column of liquid. When the movement of 
the piston has produced the desired pressure, 
which may be before or at the end of its 
stroke, the valve VS is suddenly opened. The 
cooperation and relative timing of the pis- 80 
ton and valve may be accomplished in any 
appropriate way but I prefer to have them 
mechanically interlocked so that the valve 
will open at the appropriate moment in the 
piston stroke. When this valve opens it sud- S3 
denly, by the variation of pressure, trans- 
forms the piston wave into an opening extra 
impulse or wave in the liquid column. Advan- 
tage may be taken also of the extra wave 
caused by the closure of the valve but the 63 
closure extra waves are of lesser effect than 
the opening extra waves. Valve VS being 
closed when the piston enters the cylinder 
a certain pressure is produced to set up a 
wave in the liquid column. When the valve 05 
VS opens the opening sets up an extra or 
supplemental wave impulse which like the 
piston wave will travel through the whole 
length of the liquid in the pipe to the low- 
er valve VI. This extra or auxiliary wave 100 



ox- inipxilse mny be similar also to that pro- 
duced in water rams. The water ram, how- 
ever, takes advantage of the closing extra 
wave rather than the extra wave produced 
5 by opening. In my system this extra wave 
when working with the valve VS open to the 
air is probably one of much volume and 
slight pressure. This wave and extra wave 
cause the liquid to proceed from the well by 
J0 valve VI and carry it through the pipe and 
and drive it through valve VS which is open. 
It is necessary to calculate the necessary pres- 
sure and velocity of the wave for the 
length and diameter of the pipe employed as 
15 a guide in altering or adjusting, in each case, 
the diameter, stroke and frequency of the 
piston. As is well known in systems trans- 
mitting energy by wave through columns or 
pipes of liquid the pressure produced in a 
20 tube or pipe of a given diameter may be varied 
or controlled by providing in communi- 
cation with the pipe a further container filled 
with the same liquid which is being pumped 
to act as a capacity or condenser. In order 
25 to set up such waves it is necessary to cause 
alternate areas of high and low pressure in 
the medium and this may be effected by any 
suitable known means. I find it convenient 
to use for this purpose a reciprocating piston 
30 and valve as indicated. 

2 . The second portion of the apparatus con- 
sists merely of a suitable pipe which -brings 
up the liquid and, through the flowing 
stream, transmits the energy or waves from 

35 the piston and the upper valve VS to the low- 
er valve VI it being. necessary to calculate 
the section of the pipe in accordance with 
the pressure and the volume of the liquid to 
be obtained or extracted from the well. Since 
40 energy-bearing wave-currents in liquid have 
a certain velocity, the frequency of the pis- 
ton must be calculated in order that the 
wave produced should conform with the 
length of the pipe, it being possible to work 
45 likewise with the harmonics of the wave 
and also to work when the pipe length cor- 
responds with odd or even fourths of such 
wave length. This is preferred but the pur- 
pose canoe accomplished, possibly with less 
50 efficiency, with other adjustments. 

3 . The third portion of the apparatus 
consists of the lower valve VI which may 
serve three purposes, (a) it serves as a non- 
return valve so as to permit the pipe being 

55 filled up before starting; ( 6 ) it causes the 
liquid to move in one direction only avoid- 
ing the return thereof into the well; and (c) 
it may be that it also serves as a wave or im- 
pulse transformer like the upper valve VS 
60 producing by its movement an extra wave 
or impulse. Thus the pipe will draw in a 
great quantity of liquid under low pressure 
being the inverse of the piston which pro- 
duces a wave or impulse of high pressure and 
05 little volume. 


At first sight it might seem that if the pis- 
ton is caused to enter the cylinder when the 
valve VS is closed the apparatus would burst. 

This is not the case, however, since the ca- 
pacity for compression and the elasticity of 
the liquid being pumped, when known, serve 
to allow the stroke of the piston and the pres- 
sure obtained to be calculated and the ap- 
paratus to be operated in such a way as not 
to exceed the limit of resistance of the ap- j 5 
paratus before the opening of the valve. It 
will be remembered that the impulses and 
extra impulses of energy in the wave form 
are possible solely because the liquids worked 
upon are compressible and elastic which per- go 
mits of their working in a i*esilient manlier. 

The operation of the apparatus is as fol- 
lows. The piston is withdrawn from the cyl- 
inder to the maximum extent possible and 
the cylinder and pipe are filled up substan- 85 
tially completely with liquid taking care 
that substantially no free air be left inside. 

The valve VS is closed and the piston is 
pushed inwardly vigorously causing a com- 
pression of the liquid and initiating an en- so 
ergy carrying wave which moves through 
the column of liquid. As soon as the piston 
has entered sufficiently to produce the desired 
pressure the valve VS is suddenly opened. 
This abrupt opening of the valve VS .per- 05 
mits escape of liquid and suddenly changes 
the pressure thus producing an opening extra 
wave which will travel through the whole 
length of the pipe. The waves produced by 
the piston and by the valve VS both carry loo 
energy to the valve VI which will be opened. 

The system is more economical and more ef- 
ficient than one which employs for the pump- 
ing and lifting of the liquid only the energy 
transmitted by the waves set up by the piston 105 
action. If the opening of the valve VI is 
abrupt it may transform the extra wave into 
a wave of small pressure but great volume. 
Since the valve VI does not permit the liquid 
to flow downwards an upward flow will occur, no 
that is to say, the energy transmitted by the 
two waves will not only open the valve VI 
but will lift the liquid in the pipe and draw 
from the well liquid past the valve VI and 
upwards through the pipe from which it will 115 
discharge through the open valve VS. Op- 
eration then may become substantially con- 
tinuous the piston being rapidly reciprocated 
and the valve VS operated in harmony there- 
with being always closed at the proper part 120 
of the piston stroke. It might be best to ar- 
range the shaft moving the piston so that it 
would also govern the valve VS. Thus the 
work might be done in a completely auto- 
matic ma nn er. Thus a cam C may be 125 
mounted on the drive shaft and engage mech- 
anism D to operate the valve VS at the proper 
predetermined point in the stroke of the 
piston. Any other suitable means for asso- 
ciating the operation of the piston and 130 



37 


1 , 7 * 0 , **7 0 


the valve may be employed The time of 
opening and closing the valve VS and 
its size may be adjusted to give the 
maximum output of liquid with the mihi- 
6 mum expense of energy to operate the piston. 
The apparatus expels during each stroke of 
the piston a volume of liquid several times 
greater than the volume displaced by the pis- 
ton. In practice it is possible to expel during 
j 0 each stroke of the piston a volume of liquid 
about seventeen times as large as the volume 
displaced by the piston ana for this reason 
the stroke of the piston may be very short 
or the volume displaced at each stroke of the 
15 piston may be small. 

I have found that one specific appropriate 
apparatus which will illustrate in a concrete 
way the present invention may consist of a 
fluid pipe having an internal diameter of one 
20 inch. Such a pipe placed in a well having 
water at a depth of 20 meters may have ar- 
ranged at its lower end a valve opening 30 
millimeters in diameter seated in which is a 
ball of approximately 38 millimeters in di- 
26 ameter held in place by the usual cage which 
may be adjusted so that the ball can rise 
from its seat about 20 millimeters. On the 
surface of the earth the pipe may be led into 
the cylinder of a compressor of 50 millime- 
30 ters diameter in which is a piston having a 
stroke of about 30 millimeters. The piston 
may be reciprocated at a speed of about 180 
revolutions per minute by a suitable electric 
motor. In the cylinder of the compressor 
35 may be a valve having a diameter of about 
30 millimeters and adjusted so as to have a 
movement of from 5 to 7 millimeters. The 
piston will be moved to its outermost posi- 
tion and the cylinder and pipe entirely filled 
40 with water. The ball valve rests by gravity 
in its closed position and the valve in the 
cylinder is closed. The electric motor will be 
started and at the proper time in the stroke 
of the piston the valve in the cylinder will be 
45 opened. The ball valve will open and water 
will begin to flow from the piston valve with 
an output of about 4,000 or 5,000 liters per 
hour. 

While the fundamental theory on which 
60 the operation is based may be somewhat in 
doubt, I have endeavored to set out herein 
what I believe is the true principle but my 
invention is not to be so limited. In order to 
set up such waves as are here involved it is 
66 necessary to produce variations in compres- 
sion in the liquid and although a compressor 
is illustrated for such purpose it will be un- 
derstood that the invention is not so limited 
but extends to any suitable or known means 
ca for producing such effect. 

This system permits of working at any 
desired depth without being compelled to ar- 
range the machinery within the well, pro- 
vided the necessary pressure has been well 
€3 calculated. It is possible that advantageous- 


ly, the work is dons under ft Considerable 
pressure in order to use, same as in electricity, 
the transmission of high voltages over long 
distances with favorable output. This sys- 
tem also permits of working with a piston of 
reduced dimensions as, taking advantage of 1 
the transforming effect of the wave or im- 
pulse, a piston of a given displacement, un- 
der a given pressure, would be able to ele- 
vate at each stroke a liquid volume several 
times greater than the same displacement but 
under a pressure several times lower. 

This system would seem to be contrary to 
the laws of gravity which does not permit of 
liquid being elevated or drawn up from a 80 
depth greater than the length of a column of 
the same liquid counter-balancing the atmos- 
pheric pressure ; however, in fact there is em- 
ployed a force in wave form which travels 
throughout the length of the pipe and ar- gg 
rives at the lower valve VI. This force oper- 
ates at this valve in the same manner as if 
there were a piston at this point. 

The present system would seem also to be 
contrary to the law which does not permit a go 
piston of a given displacement to obtain at 
each stroke a volume of liquid greater than 
such displacement; but it will be apparent 
that a piston of a given displacement, under 
a given pressure, may obtain at each stroke a 05 
liquid volume several times greater than the 
volume of displacement of such piston, but 
under a pressure several times less. 

The piston may work either with the cyl- 
inder horizontal or with the cylinder vertical loo 
or inclined. The pipe through which the 
liquid flows may be either horizontal or ver- 
tical or inclined and it may be curved or 
straight. All of these arrangements may be 
referred to as pumps and I use the term jos 
pumping as including moving, transporting 
or conveying in vertical or horizontal or in- 
clined direction. 

The term liquids is used to include not only 
simple liquids but also mixtures of liquids no 
and such mixtures of liquids with gases or 
solids as are capable of being transported 
through pipes or pumped. 

It is obvious that the device has been shown 
only as a preferred embodiment and that any 115 
other may be used for the same purpose. 
Apparatus for carrying out the invention 
may be constructed from mechanisms or de- 
vices already known and used for other pur- 
poses and the invention is not confined to any 120 
specific form of valves or compressors or 
means of operating them. 

Having thus fully described and ascer- 
tained my said invention, and the manner in 
which the same is to he performed and car- 125 
ried into practice, I declare that w 7 hat I claim 
and desire to secure by Letters Patent is : — 

1. Apparatus for pumping liquids com- 
prising a pipe filled with liquid leading to 
the liquid supply, a check valve in the end 130 
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of the pipe in the liquid supply, a compressor 
cylinder at the other end of the pipe, an out- 
let for the liquid, a piston in the cylinder, 
means to cause the piston to repeatedly com- 
j press the liquid in the pipe, a valve in the out- 
let and means for opening the outlet valve at 
a predetermined point in each stroke of the 
piston. 

2. Apparatus for pumping liquids com- 
10 prising a pipe leading to the liquid supply 

and filled with liquid, a check valve in the 
pipe within the liquid to be moved, an outlet 
for the liquid, means for compressing the liq- 
uid in the pipe, and separate means for sud- 
15 denly releasing the pressure. 

3. Apparatus for pumping liquids compris- 
ing a check valve in the liquid supply, a com- 
pressor adjacent the point of delivery, a pipe 
filled with liquid leading from the valve to 

20 the compressor, an outlet for the liquid, 
means for operating the compressor to com- 
press the liquid in the pipe, and separate 
means to suddenly release the pressure, to 
operate the check valve and move the liquid. 
25 4. The method of pumping liquids com- 

prising placing in the liquid. supply a pipe 
provided with an outlet near one end con- 
trolled by a valve and carrying at the other 
end a check valve in the liquid supply, filling 
30 the pipe with liquid, compressing the liquid 
in the pipe, and operating the valve con- 
trolling the outlet to suddenly release the 
pressure to cause the liquid to flow toward 
the compressing means near the outlet, and to 
35 cause new liquid from the supply to enter 
the pipe. 

5. The method of pumping liquid through 
a pipe provided with a controlled outlet near 
one end and a check valve at the other end, 

40 comprising placing the check valve in the liq- 
uid to be pumped, filling the pipe with the 
liquid, and repeatedly compressing the liquid 
in the pipe and operating the outlet control- 
ling means to suddenly release the compres- 
45 sion. 

6. Apparatus for pumping liquids com- 
prising a pipe leading to the liquid supply 
and filled with liquid, a check valve in the 
pipe within the liquid supply, an outlet for 

50 the liquid, and means to set up a contempora- 
neous plurality of series of compression 
waves in the liquid in the pipe to operate the 
check valve and move the liquid. 

7. The method of pumping liquids in pipes 
55 comprising repeatedly compressing the liq- 
uid to cause a series of impulses of energy 
in the form of compression waves to pass 
through the liquid and repeatedly suddenly 
relieving the compression of the liquid to 

60 cause another series of impulses of energy 
in the form of compression waves to pass 
through the liquid to cause liquid to pass 
through the system. 

8. Apparatus for pumping liquids com- 
65 prising a pipe leading to the liquid supply 


and filled with liquid, a check valve in the 
pipe in the liquid supply, a compressor cyl- 
inder at the other end of the pipe, a valve in 
the cylinder, a piston in the cylinder and 
means for operating the piston and the valve 70 
in the cylinder to set up a plurality of series 
of compression waves in the liquid in the pipe 
to operate the check valve and pump the liq- 
uid. 

9. The method of pumping liquid through 75 
a pipe provided with a controlled outlet near 
one end and a check valve at the other end, 
comprising placing the check valve in the 
liquid to be pumped, filling the pipe with 
the liquid, and applying energy to the liquid so 
in the pipe in a contemporaneous plurality 

of series of impulses in the form of compres- 
sion waves at a point toward which flow oc- 
curs. 

10. Apparatus for pumping liquid com- 85 
prising means for alternately compressing a 
body of liquid in a pipe, separate means for 
alternately releasing the pressure, and an 
outlet for the pipe, whereby the variations 

in compression cause the liquid to enter and eo 
flow through the pipe. 

In testimony whereof I affix my signature. 

TORIBIO BELLOCQ. 
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2 

which is applied the devices illustrated in Pigs. 
3, 4, 5, 6 , 7 and 8 . Fig. 19 is a diagrammatic 
illustration of a pumping apparatus such as 
shown in Fig. 2 to which is applied the appa- 
5 ratus illustrated in Pig. 11a. Fig. 20 is a pump- 
ing apparatus such as is illustrated in Fig. 1 
to which is applied the device illustrated in 
Pig. 13a. 

The pumping system in general is illustrated 
10 as including a pipe 50 provided with a check 
valve 51 at its lower end intended to be in- 
serted in the well or other source of supply of 
liquid to be pumped. At the other end of the 
pipe is shown a compression chamber or cylinder 
25 52 in which moves a piston 53 controlled by a 
cam 54 on a suitably operated shaft 55. There 
is an outlet cock or valve 56 of any suitable 
type through which the liquid is pumped here 
shown in an outlet pipe 57. In Pig. 1 the outlet 
20 is shown leading directly from the compression 
chamber or cylinder 52 while in Fig. 2 it is 
shown as directly connected to the pipe 50 so 
that the outgoing liquid will not pass through 
the compression chamber or cylinder. The cock 
25 or valve 56 may be open at all times during 
operation or it may be opened and closed at 
appropriate times during the operation either 
manually or automatically. 

In Fig. 3 a pipe 58 is shown provided with a 
3( j narrow annular obstruction 59 which acts as an 
inertia for the current of waves passing through 
liquid in the pipe. In Fig. 4 there is shown at 
58 a similar inertia 60 which takes the form of 
an elongated sleeve and so has a different value 
s5 from the inertia shown in Fig. 3. In Fig. 5 is 
shown a pipe 58 provided with rigid protuber- 
ances 61 which act as a capacity in series with 
the pipe. In Fig. 6 is shown a pipe 58 which is 
connected to a closed rigid chamber 62 which 
45 when filled with liquid acts as a capacity in deri- 
vation. In Fig. 7 is shown a pipe 58 connected 
with a chamber 63 closed at its outer end by a 
diaphragm 54. When the chamber 63 is filled 
with liquid it acts as a capacity in derivation. 
45 In Fig. 8 is shown a pipe 58 from which leads a 
pipe 65 in which is a snugly fitting piston 66 
movable against springs 67 and 68 . The resili- 
ency of the springs takes the place of liquid 
resiliency and acts as a capacity in derivation 
to the pipe 58. These are illustrative only and 
other forms of inertia and capacity may be em- 
ployed. 

The pipe through which liquid is to be pumped 
may be horizontal, vertical or inclined or bent. 
55 If there is a bend in the pipe the relation between 
the parts on each side of the bend tends to pro- 
duce an harmonic of the principal wave and in 
order to work most .efficiently this harmonic 
should preferably have a node in the elbow at 
g 0 the bend. The elbow thus acts as an inertia. 

The entrance or the exit of the liquid pumped 
may also tend to produce an harmonic four times 
as long as the length of the liquid which passes 
through the pipe at each stroke of the compress- 
35 ing device. It is desirable to have this harmonio 
the same as the harmonic produced by the pro- 
portion between the portions of a bent line, or 
at least an harmonic thereof. The flowing of the 
liquid through the inlet or the outlet has some- 
70 what the effect of an inertia. The change in size 
between the pipe carrying the liquid and the cyl- 
inder of the compressor at their point of con- 
nection has somewhat the same effect as an 
inertia. The small chamber generally employed 
7S a t the outlet cock or valve between the com- 


pressor piston and the pipe line and likewise the 
cylinder itself each have somewhat the same ef- 
fect as a capacity. This chamber may be omitted 
and the cylinder alone be referred to as the com- 
pression chamber. so 

There are several elements of the apparatus 
which may be adjusted to change or vary the 
efficiency of operation including: ( 1 ) the size of 
the compression chamber may be varied; ( 2 ) the 
relative size of the connection between the com- 85 
pression chamber and the pipe may be varied; 

(3) the cross-section of the pipe through which 
the liquid is pumped may be varied; (4) the 
speed or timing of the piston may be varied: <51 
the size or cross-section of the piston or its length 90 
of stroke may be varied ( 6 ) the size or opening 
of the check valve through which liquid enters 
the system may be varied; or (7) the size and 
suddenness of the opening of the outlet may be 
varied. In order to procure proper and appro- 9 c 
priate adjustments or regulation of the system 
any or all of the various elements may be ap- 
propriately and correspondingly varied. The 
quantitative effect of variations in the different 
elements of the apparatus is not the same. ^jC. 

A difference in operation is produced when the 
outlet is in the compression chamber from that 
produced when the outlet is on the pipe. In the 
first arrangement increasing the size or opening 
of the check valve or in the second arrangement 
decreasing the size or the opening of the check 
valve effects a variation in the same direction as 
( 1 ) increasing the size of the compression cham- 
ber ( 2 ) decreasing the relative size of the con- 
nection between the chamber and the pipe (3) 
decreasing the cross-section . of the pipe through 
which the liquid is pumped (4) increasing the 
speed or decreasing the timing of the piston (5) 
increasing the size or cross-section of the piston 
or its length of stroke ( 6 ) increasing the size of ^5 
opening of the outlet. This indicates the direc- 
tion of change to be made to compensate for any 
change in the apparatus. If the outlet on the 
pipe is removed farther from the connection be- 
tween the pipe and the compression chamber or _ >3 
if inertia associated with the outlet is moved 
farther from the connection between the pipe and 
compression chamber the effect is of the same 
character as would be an enlargement of the 
compression chamber. It is generally desirable, 33.5 
however, to put the outlet, the inertia and the 
connection between the pipe and the compression 
chamber as close together as possible because 
when they are separated one from another there 
is no longer merely the effect of a chamber as- 333 
sembled at one place but the effect of a chamber 
like a piece of pipe with different inductions in 
each extremity. With such an arrangement it 
is more difficult to calculate the exact value of 
such a chamber. Sometimes, however, it is found 335 
desirable to use such an extended chamber de- 
spite the difficulty in calculating its character- 
istics. 

It may happen that when the pipe is very long 
the wave will be deformed as it proceeds through _ 
the liquid. It may then be desirable to put ad- 
ditional or new capacities, inertias, resistance or 
leakage in one or several parts of the apparatus 
to prevent this deformation of the current. 
Somewhat similarly, in telegraphic and telephonic ;. t f 
lines traveling great distances means are pro- 
vided to prevent deformation of the circuit wave 
such as are provided by the system of Puppini 
or others. 

It may be desirable to choose a vibration or -jf 
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wave of such a character that the liquid will 
vibrate with the natural vibration produced by 
gravity. For example a compressor may be so 
operated as to cause an artificial acceleration 
5 during its stroke corresponding to the natural 
acceleration produced by gravity on the liquid 
freely falling in the system. When this natural 
vibration is not convenient for the quantity of 
liquid it is desired to pump the constants of the 
10 line may be appropriately changed to produce the 
desired effect. 

When the pipe is large enough or the quantity 
of the liquid pumped is small in relation to the 
size of the pipe, the resistance will be small and 
15 for practical purposes may be neglected. It is 
desirable that the leakage in the system, be re- 
duced to a minimum so that the only value of 
leakage to be considered may be that produced 
by the liquid pumped through the outlet. En- 
20 trance of liquid into the system may be con- 
sidered as negative leakage. 

The compression waves in the liquid of the 
pumping system are somewhat analogous to sound 
waves. Therefore, elements which modify the 
25 waves in the liquid of the pump may for con- 
venience be referred to as acoustic elements and 
it is to be understood that when the term acoustic 
or hydraulic is employed herein it relates to an 
element modifying the compression waves in the 
30 liquid more or less in accordance with the laws 
of sound waves iri the liquid. This may be a con- 
venient form of expression and it may aid in un- 
derstanding the present invention to bear in mind 
the analogy between the compression waves in 
35 the liquid in the pumping system and sound 
waves. 

Acoustic inertia or self induction may be an 
apparatus having only inertia which may be 
formed for instance by a reduction of a section 
40 of the pipe. Likewise acoustic capacity may be 
a chamber communicating with the pipe and 
filled with the liquid. Acoustic inertias, capaci- 
ties, resistances and leakages may be combined 
to form acoustic filters analogous to electric fil- 
45 ters and their effect on the compression waves 
in the pumping system may be analogous to 
their effect on sound waves. As in electricity 
such acoustic filters in the pumping system may 
be referred to as low pass filters, high pass fll- 
50 ters and band pass filters. The low pass filters 
may let pass or produce vibrations of a fre- 
quency lower than a certain speed or may so 
convert other vibrations received. The high 
pass filters may let pass or may produce vibra- 
55 tions of a frequency higher than a certain speed 
or may so convert other vibrations received. The 
band pass filters may let pass or may produce 
vibrations of a frequency between two certain 
speeds, or may so convert other vibrations re- 
60 ceived. All of these filters may stop or not let 
pass other vibrations. Acoustic filters may be 
arranged in accordance with the same laws as 
electric filters. It may be easier to make filters 
occupying a very short space in relation to the 
65 wave length. It is possible, however, to employ 
other longer filters but the exact determination 
of their effect may be more difficult. 

The analogies between electric filters and 
acoustic filters exist not only in words but they 
70 are true physical analogies. The phenomena of 
the propagation of an electric current and of 
sound waves and of compression waves in liquid 
are controlled by the same laws. In dealing 
with these waves the combination of acoustic 
" 6 inertia, capacities, resistance and leakages ac- 


3 

complish similar results as are accomplished by 
combinations of similar elements in electric cir- 
cuits. In order to facilitate determining the 
effect of a filter it is desirable that the two ex- 
tremities of the filter be of the same value. It 80 
is possible, however, to employ filters having ex- 
tremities of different values. In such an ar- 
rangement the difference in the two extremi- 
ties may produce an effect of itself. The ideal 
filter is one which without substantial loss of 86 
energy will let pass the frequency which it is 
desired to employ in the apparatus and at the 
same time stop other frequencies. Generally 
filters of this character cannot be completely 
realized in practice, but it is desirable to employ 90 
filters approaching this ideal as nearly as possi- 
ble. A general filter may be employed or sev- 
eral filters may be employed in a single system 
being associated or combined with similar or 
different filters. 96 

Generally electric circuits employ two wires 
or lines and the induction, capacity, resistance 
and leakage may be installed in one or both or 
between them in series, derivation, or in shunt. 

In liquid systems, especially pumping systems, 100 
usually there is but a single line or pipe but the 
inertia, capacity, resistance and leakage may be 
placed in series or in shunt on the line or in de- 
rivation on the line in which case the effect is 
as if the element in derivation communicated at 106 
one side with the line and at the other side with 
a ground analogous to the grounding of an elec- 
trical device. 

The effect of filters put in derivation may be 
varied, for example by putting a capacity in de- 110 
rivation made not of a closed chamber filled 
with the same liquid but of a closed chamber 
filled with another liquid of different density or 
elasticity, separated by a membrane from the 
other liquid or by a chamber filled by the same 116 
liquid but closed by a membrane which sepa- 
rates the liquid from the air. The capacity thus 
is to be considered as not between the line and 
the ground but between the line and another 
artificial ground. The natural vibration of the 120 
liquid will be different in the different cases. 
This chamber filled with the different liquid or 
provided with a membrane may be replaced by 
a cylinder having a floating piston maintained 
by springs which make the piston work like a 126 
membrane. The introduction of any of these 
different apparatus having vibration character- 
istics different from the natural vibrations of the 
line has the effect of changing the constants of 
the line and may be employed in a manner simi- 130 
lar to the more usual type of filters. Any other 
suitable form of capacity, inertia, resistance or 
leakage may be employed. 

For installations operated under substantially 
constant conditions a filter of exact characteris- 135 
tics may be employed, but for other installations 
less exact filters may be employed. 

In Figs. 9, 10 and 11 are shown examples of 
characteristic electrical low pass filters. In Figs. 

9a, 10a and 11a are shown similar characteristic 14u 
low pass acoustic filters applied to, liquid sys- 
tems. The arrangement in Fig. 9a corresponds 
to that in Fig. 9; the arrangement in Fig. 10a 
corresponds to that in Fig. 10, while that in Fig. 

11a corresponds with that in Fig. 11. In each 
instance the electrical inertias 69 are replaced 
by acoustic inertias 70 while the electric capaci- 
ties 71 are replaced by acoustic capacities 72. 
Figs. 12, 13 and 14 illustrate types of electric high 
pass filters and Figs. 12a, 13q and 14a illustrate 
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types of acoustic high pass filters corresponding 
respectively to the electric filters illustrated in 
Figs. 12, 13 and 14. Figs. 15, 16, and 17 illustrate 
diagrammatically electric band pass filters and 
5 Figs. 15a, 16a and 17a illustrate characteristic 
acoustic band pass filters applied to liquid sys- 
tems corresponding respectively to the filters il- 
lustrated in Figs. 15, 16 and 17. In all of these 
figures the electrical inertias 69 correspond to 
10 the acoustic inertias 70 and the electric capaci- 
ties 71 correspond to the acoustic capacities 72. 
The filter arrangements here illustrated are se- 
lected as types only. These and other appro- 
priate electric filters may be followed with like 
15 effect and the corresponding acoustic filters in- 
serted at appropriate points in liquid systems 
with corresponding results and the term filter is 
used to include all such devices as rectify, trans- 
form, alter, or modulate the currents of the com- 
20 pression waves set up in the liquid in the pumping 
system. 

In Fig. 18 is shown a simple pumping system 
such as shown in Fig. 1 but modified by being 
associated with the filters or wave modifying de- 
25 vices illustrated in. Figs. 3 to 8 inclusive. The 
capacities 61, 62, 64 and that having the piston 
66 are associated with inertias 59 and 60. As il- 
lustrated the inertia 59 and the capacity 61 are 
shown relatively near to the pump cylinder 52 
30 and the other wave modifying devices are dis- 
tributed throughout the line 66 being very near 
to the inlet valve 51. 59, 60 and 61 are in series 
while 62, 64 and 66 are in derivation. This spe- 
. ciflc arrangement is not essential nor is it essen- 
tial that all of these devices be incorporated in a 
single system. In general a single device may be 
sufficient. For instance the inertia 59 might be 
employed and the devices 60, 61, 62, 64 and 66 
omitted or any two or more of them might be 
40 omitted. Likewise the particular position of 
these various devices in the system is not essen- 
tial. For instance the device 66 which is shown as 
near the check valve 51 might be installed where 
the device 61 is illustrated near the pump cylinder 
45 52 or any other desired arrangement and loca- 
tion of any or all of these devices may be made. 
Instead of assembling in a single system a plu- 
rality of different wave modifying devices as 
illustrated in Fig. 18 a plurality of similar de- 
SC vices might be employed whc i more than one is 
desired and the location of all of the devices is 
interchangeable. When apparatus such as is il- 
lustrated in Fig. 1 is operated the wave produced 
in the liquid will have certain characteristics and 
55 for the conditions of operation it may be that 
that wave is satisfactory and efficient. It may 
be, however, that for the conditions under which 
the apparatus is operating the wave produced 
by apparatus such as illustrated in Fig. 1 will 
80 not have the desired characteristics and may not 
be effectively efficient to produce the desired 
pumping effect. By adding to the apparatus 
shown in Fig. 1 any one or more of the devices 
illustrated in Figs; 3 to 17 the characteristic of 
J5 the wave may be modified so as to produce the 
desired effective efficient result. Thus the wave 
set up in such an apparatus as Fig. 18 will have 
characteristics different from the wave set up in 
such an apparatus as Fig. 1 and the addition or 
70 removal of any one of the impedance or capacity 
devices illustrated in Fig. 18 will correspondingly 
modify the wave. 

In Fig. 19 is shown assembled in such a pump 
as is shown in Fig. 2 a filter such as illustrated 
75 in Fig. lla and in Fig. 20 such a filter as illus- 


trated in Fig. 13a is illustrated in connection with 
such a pump as shown in Fig. 1. As indicated, 
when the arrangement is applied to a pumping 
system there may be present only one pipe line 
the other pipe being omitted and replaced by an 80 
artificial ground similarly to the arrangement 
by which a two wire electric system may be em- 
ployed with only one wire and a ground. In the 
pumping system the effect of a ground may be 
procured by closing the connection to the omitted 85 
pipe. Likewise the filters illustrated in Figs. 9a, 

10a, 12a, 14a, 15a, 16a and 17a or any grouping 
or combinations of them or other filters may be 
assembled into a single apparatus. The ar- 
rangement illustrated in Fig. 19 is in part a 90 
shunt arrangement and, incorporating a low- 
pass filter, will modify the waves in the pumping 
system and allow only those waves having fre- 
quencies lower than a certain desired speed or 
it may convert to such speed other vibrations in 95 
the system. Similarly the filter associated with 
the pumping system in Fig. 20 being a highpass 
filter will modify the waves in the pumping sys- 
tem and allow only those waves having frequen- 
cies higher than a certain desired speed or it may 100 
convert to such speed other vibrations in the 
system. 

The devices shown are only preferred embodi- 
ments of the invention, but any other suitable 
devices may be used for the same purposes. 105 

The weight of the check valve or the strength 
of springs sometimes controlling it which change 
the character of its opening change the value of 
the inertia produced by its opening. The check 
valve being inertia and so a filter element may 110 
be omitted and the other elements of the appa- 
ratus adjusted accordingly. When more than 
one pump is in the pipe line each pump may act 
as check valve or inlet for the succeeding pump. 

Variations in the speed of the piston during a 115 
stroke are of importance. When the piston Is 
moved by a crank shaft the speed increases from 
zero to maximum speed during the first half of 
the time of the entrance of the piston (that is, 
the first quarter of a complete cycle) and pro- 120 
duces ai) acceleration in the lifting of the liquid. 

In the second half of the time of entrance of the 
piston (that is, the second quarter of a complete 
cycle) the speed of the piston decelerates going 
. from its high speed to zero speed. Thus the 125 
liquid tends to be lifted with more strength when 
the piston is entering during the first half of its 
forward stroke and tends, because of the deceler- 
ation, to be lifted with less strength in each unit 
of time when the piston is entering during the 130 
second half of its forward stroke. In general 
under these conditions it is better to open the 
outlet valve when or before the piston reaches 
the half point of the inward stroke. Sometimes 
it may be better to open the valve at the end of 135 
the entrance stroke of the piston or somewhat 
before. When a proper cam is employed to op- 
erate the piston, the piston speed increases 
throughout the entire advance movement so the 
same effect may sometimes be produced by a cam 140 
which gives only one-half the length of move- 
ment to the piston as would be given by a corre- 
sponding crank. When such a cam is used only 
only-half as much liquid may be forced out of 
the piston cylinder as with a crank and hence at 145 
each stroke less liquid need go into the cylinder 
to keep it full in order to get as much liquid out- 
put from the apparatus. With the most effi- 
cient adjustment of the apparatus, dining the 
acceleration of the piston liquid is lifted, that 150 



is to say, the liquid may be moving from the 
check valve to the compressor. If the valve is 
opened at this moment the liquid which is al- 
ready moving upward, will tend to be lifted with 
6 more efficiency since it is not obliged to change 
its direction. 

The suddenness of opening the outlet being the 
principal element in the transformation of the 
compression waves should be especially consid- 
19 ered and arranged to cooperate with the rest of 
the system. 

In certain cases it may be desired to produce a 
certain pressure in the apparatus at the time the 
outlet is opened as in this connection it seems that 
16 the liquid pumped going out with a certain pres- 
sure will carry with it enough energy to lift the 
liquid higher than the apparatus. The appara- 
tus working in this form may work somewhat 
like a combination of the system employing the 
*0 open cock at the outlet and the system opening 
and closing, the valve, retaining thus the advan- 
tages of both systems. 

The conditions involved in the use and applica- 
tion of filters indicate the important effect which, 
26 may be produced by small defects in the appa- 
ratus such as leakage, holes or couplings or con- 
nections which allow liquid to pass out, these de- 
fects being analogous to the bad effect produced 
in electrical circuits by bad contacts or by other 
30 defects in different parts of the apparatus, etc. 
The piston may work either with the cylinder 
horizontal or vertical or inclined, or any other 
suitable means may be employed to produce vari- 
ations in compression in the liquid to set up the 
35 compression waves. The pipe through which liq- 
uid flows may be either horizontal or vertical or 
inclined, and it may be curved, bent or straight. 
All of these arrangements may be referred to as 
pumps, and the term pumping is used as includ- 
40 ing moving, transporting or conveying in vertical 
or horizontal or inclined directions or a combina- 
tion of any of them, and the liquids so pumped 
may be simple liquids or may carry more or less 
solid matter or gases. 

46 I claim as my invention: 

1. The method of varying and adjusting the 
efficiency of pumping apparatus comprising a pipe 
carrying liquid an inlet and an outlet therefor 
and means for causing compression waves to pass 

60 through the liquid and thereby cause movement 
of liquid through the apparatus, comprising asso- 
ciating and communicating a wave filter with the 
pipe so as to modify the waves in the liquid. 

2. Pumping apparatus comprising a pipe car- 
65 rying liquid, an inlet and an outlet therefor, 

means for causing compression waves to pass 
through the liquid and thereby cause movement 
of liquid through the apparatus, a wave filter 
associated and communicating with the pipe so 
6C as to modify the waves in the liquid. 

3. Pumping apparatus comprising a pipe car- 
rying liquid, an inlet and an outlet therefor, 
means for causing compression waves to pass 
through the liquid and thereby cause movement 

65 of liquid through the apparatus, inertia, capacity 
and leakage associated and communicating with 
the pipe so as to modify the waves in the liquid. 

4. Pumping apparatus comprising a pipe car- 
rying liquid, an inlet and an outlet therefor, 

70 means for causing compression waves to pass 
through the liquid and thereby cause movement 
of liquid through the apparatus, inertia associ- 
. ated and communicating with the pipe so as to 
modify the waves in the liquid. 

75 5. Pumping apparatus comprising a pipe car- 


rying liquid, an inlet and an outlet therefor, 
means for causing compression waves to pass 
through the liquid and thereby cause movement 
of liquid through the apparatus, capacity asso- 
ciated and communicating with the pipe so as to 80 
modify the waves in the liquid. 

6. Pumping apparatus comprising a pipe car- 
rying liquid, an inlet and an outlet therefor, 
means for causing compression waves to pass 
through the liquid and thereby cause movement g 5 
of liquid through the apparatus, inertia and ca- 
pacity associated and communicating with the 
pipe so as to modify the waves in the liquid. 

7. Pumping apparatus comprising a pipe car- 
ryihg liquid, means for causing compression waves 90 
to pass through the liquid, whereby the waves 
cause liquid to flow through the apparatus, and 

an auxiliary wave filter associated and commu- 
nicating with the pipe so as to modify the waves. 

8 . Apparatus for pumping liquids comprising 95 
a check valve In the liquid supply, a compressor 

at the point of delivery including a cylinder and 
a piston and an outlet pipe, a pipe filled with 
liquid extending from the valve to the com- 
pressor, means for reciprocating the piston rapid- 100 
ly through a short stroke whereby the compres- 
sion of the liquid produced by the piston is va- 
ried and a wave filter associated and communi- 
cating with the last named pipe which when al- 
tered varies the output of the pump. 105 

9. An apparatus for pumping liquid compris- 
ing a pipe filled with liquid leading to the liquid 
supply, a check valve in the pipe in the liquid 
supply, a compressor cylinder at the other end 

of the pipe, an open outlet from the cylinder, a n 0 
piston to alternately compress the liquid in the 
pipe and release the pressure, and a. wave filter 
associated and communicating with the pipe. 

10. Apparatus for pumping liquid comprising 
means for alternately compressing a body of j 15 
liquid In a pipe and releasing the pressure to set 

up waves in the liquid, an outlet for the pipe 
whereby the waves cause liquid to enter and 
flow through the pipe and auxiliary wave filters 
associated and communicating with the pipe 12 o 
which when altered vary the liquid flow through 
the pipe. 

11. Apparatus for pumping liquid comprising 
means for alternately compressing a body of 
liquid in a pipe, separate means for alternately 12 5 
releasing the pressure, an outlet for the pipe 
whereby the variations in compression cause the 
liquid to enter and flow through the pipe, and 

an auxiliary wave filter for varying the flow. 

12. Apparatus for pumping liquids comprising 
a pipe leading to the liquid supply filled with 
liquid, a check valve in the pipe within the liquid 
to be moved, an outlet for the liquid, means for 
compressing the liquid In the pipe, separate 
means for suddenly releasing the pressure, and 
an auxilary wave filter for varying the flow of 
the liquid. 

13. Apparatus for pumping liquids compris- 
ing a pipe leading to the liquid supply and filled 
with liquid, a check valve in the pipe within 
the liquid supply, an outlet for the liquid, means 
to set up a contemporaneous plurality of series 
of compression waves in the liquid in the pipe 
to operate the check valve and move the liquid, 
and an auxiliary wave filter for varying the flow 145 
of the liquid. 

14. Apparatus for pumping liquids compris- 
ing means for alternately compressing a body of 
liquid in a pipe and releasing the pressure, an 
outlet for the pipe, whereby the variations in 150 
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compression cause liquid to enter and flow through 
the pipe, and an enlargement connected with 
the pipe modifying the pumping effect. 

15. Apparatus for pumping liquids compris- 
5 ing means for alternately compressing a body of 

liquid in a pipe and releasing the pressure, an 
outlet for the pipe, whereby the variations in 
compression cause liquid to enter and flow 
through the pipe, and an enlargement in the 

10 pipe modifying the pumping effect. 

16. Apparatus for pumping liquids comprising 
means for alternately compressing a body of 
liquid in a pipe and releasing the pressure, an 
outlet for the pipe, whereby the variations in com- 

16 presslon cause liquid to enter and flow through 
the pipe, and an obstruction in the pipe modify- 
ing the pumping effect. 

17. Apparatus for pumping liquids compris- 
ing means for alternately compressing a body of 

20 liquid in a pipe and releasing the pressure, an 
outlet for the pipe, whereby the variations in 
compression cause liquid to enter and flow through 
the pipe, and an obstruction and an enlargement 
in the pipe modifying the pumping effect. 

25 18. Apparatus for pumping liquids compris- 

ing means for alternately compressing a body of 
liquid in a pipe and releasing the pressure, an 
outlet for the pipe, whereby the variations in 
compression cause liquid to enter and flow through 

30 the pipe, and an obstruction and an enlargement 
in a passageway connected with the pipe modify- 
ing the pumping effect. 


19. The method of regulating the output of a 

pumping apparatus comprising means for alter- 
nately compressing a body of liquid in a pipe, 
separate means for alternately releasing the 
pressure and an outlet for the pipe, whereby the 80 
variations in compression cause the liquid to 
enter and flow through the pipe, consisting of 
inserting and regulating, varying and/or adjust- 
ing auxiliary and additional wave filter ele- 
ments. 85 

20. The method of regulating the output of 

apparatus for pumping liquid comprising means 
for alternately compressing a body of liquid in 
a pipe, separate means for alternately releasing 
the pressure, an outlet for the pipe whereby the 90 
variations in compression cause the liquid to 
enter and flow through the pipe, and an auxiliary 
wave Alter for varying the flow, consisting of 
regulating, varying and/or adjusting the auxiliary 
wave filter. 95 

21. The method of regulating the output of 
apparatus for pumping liquids comprising a 
pipe leading to the liquid supply and filled with 
liquid, a check valve in the pipe within the liquid 
supply, an outlet for the liquid, means to set up 100 
a contemporaneous plurality of series of compres- 
sion waves in the liquid in the pipe to operate the 
check valve and move the liquid, and an auxiliary 
wave filter for varying the flow of the liquid, 
consisting of regulating, varying and/or adjust- 105 

the auxiliary wave filter. 
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This invention is for improvements in or relat- 
ing to pumps for liquids, and has for its object 
to provide an improved construction and arrange- 
ment of a pump which is extreme).;'' simple in its 
ft mechanical details, and is capable of raising liq- 
uids efficiently, even from a depth below the 
mobile portion of the pump greater than the 
barometric column, and of delivering it at any 
required, pressure. 

1(5 Pumps made according to this invention com- 
prise as their essential features a submerged inlet 
pipe provided with a non-return inlet valve, situ- 
ated as hereinafter described, an outlet pipe, 
communicating with the inlet pipe, and means 
15 for intermittently applying pressure at their 
junction, which point for convenience is herein- 
after referred to as the “pressure chamber.” 

As a result of such pressure the column of 
liquid above the pressure chamber Is set in motion 
20 so as to separate, or tend to separate, it from, that 
below the pressure chamber. This pressure also 
tends to compress the inlet column and to trans- 
fer energy to the inlet part of the system, thereby 
causing expansion and/or extension of the piping, 
25 and to a certain amount, compression of the 
liquid itself. On the removal of the pressure on 
the upper surface of the liquid in the inlet part 
this energy, or a portion thereof, is utilised to 
raise the liquid in such part, and thereby enable 
30 the foot valve to open (even in cases where the 
inlet column is of greater height than the baro- 
metric column) and further liquid to be admitted. 
It is therefore an essential feature of this in- 
vention that the foot valve should be situated 
35 at a sufficient distance below the pressurechamber 
to permit of a considerable amount of energy 
being stored in the inlet portion of the system, 
and preferably this valve is situated at the bottom 
of the inlet pipe, as any portion of such pipe 
40 below the foot valve is not available for storing 
energy. 

We also prefer to arrange the outlet pipe, by 
which we mean that portion of the system which 
is above the pressure chamber, so that there is 
45 a substantial head of liquid therein, as this facili- 
tates the imparting of energy to the inlet column, 
since it enables greater effective pressure to be 
developed thereon. In all cases the head of liquid 
must be adequate to enable sufficient pressure to 
50 be applied to the surface of the inlet column so 
as to transfer thereto the energy necessary to 
set this column in upward motion, and thereby 
enable liquid to enter through the foot valve. It 
js necessary that the pipes forming the inlet part 
gS of the system, and/or the liquid, should possess 


sufficient elasticity for storing the necessary 
energy, but we have found that with the com- 
paratively small pumps with which we have ex- 
perimented up to now the ordinary cast iron, 
steel or earthenware pipes are satisfactory, and c 
we have also worked with rubber hose. 

In order to start the pump it is necessary that 
it should be primed, i. e., there should be a suffi- 
cient column of liquid above the level of the 
pressure chamber. 10 

Preferably pressure Is applied by means of a 
piston reciprocating in a cylinder which is in 
free communication with the inlet and delivery 
pipes. 

Tlie invention contemplates the provision of 15 
an improved construction and arrangement of 
pump of the aforesaid type, in which all valves 
except the inlet valve are iliminated, and which 
operates on a cycle that is independent of its 
speed; it is thereby distinguished from known 20 
pumps of the said type which operate by setting 
up resonant pressure waves in the system and 
also from those which operate on a cycle deter- 
mined by the operation of their valves. 

In the accompanying drawing, 25 

Figure 1 is a purely diagrammatic illustration 
of one embodiment of the invention. 

Figure 2 is a similar illustration of a modified 
arrangement of inlet pipe and delivery pipe. 

Figure 3 is a similar illustration showing means 30 
for controlling the delivery of the pump, and 

Figure 4 is a similar illustration showing the 
novel pumping system adapted for transferring 
liquids in either of two directions. 

Like reference characters indicate like parts 35 
throughout the drawing. 

Referring first to Figure 1 which shows dia- 
grammatically a pump system according to the 
present invention in its simplest form, a pipe 1 C 
has its lower end 1 1 submerged in an intake ^ 
source 12 , and provided with a non-return inlet 
valve 13; the upper end of the pipe 16 consti- 
tutes the delivery point. At any convenient 
point 15 between its ends, a connection 16 pro- 
vides communication with a cylinder 17 having 45 
a piston or plunger (8 reciprocated in it by any 
convenient driving mechanism. No valves need 
be provided in the cylinder 17 or in its connection 
with the pipe 10 , the sole function of this cylinder 
and piston being to exert pressure intermittently 50 
on the contents of the pipe 10. It will be seen 
therefore that many other devices than a cylinder 
and piston may be used in its place. 

The connection 16 to the pump cylinder may be 
situated at any convenient point In the length 0E 
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of the pipe 18 and in the case of a deep-lift pump 
it may be situated above the height of a baro- 
metric column of the liquid which is being 
pumped. The pipe 10 is continuous from its inlet 
5 end II to its delivery end 14, and the portion of 
it between the inlet end 1 1 and the connection 
15 constitutes the inlet pipe, and the portion of 
It between the connection (5 and the delivery end 
(4 constitutes the delivery pipe and these names 
10 will be used to designate these two parts herein- 
after. 

The operation of this pump is as follows: 

The whole system is primed with liquid as 
above described, and preferably the connection 
15 16 and cylinder 17 are also filled with liquid when 
the piston 18 is at the outer end of its stroke. 
.The non-return inlet valve 13 is held closed by 
the pressure of this column of liquid. When the 
piston is forced inwards it exerts a pressure on 
20 the liquid in both the inlet and delivery pipes 
and since the non-return valve 1 ! is closed no 
liquid can escape from the inlet pipe and the 
liquid in the pipe itself is thus subjected to the 
full pressure exerted toy the piston, and the inlet 
25 part of the system with the liquid in it is strained 
so that the piping is expanded and the liquid is 
compressed according to their respective physical 
characteristics. 

Simultaneously, the application of the pressure 
30 by the piston 18 to the liquid in the delivery pipe 
causes it to be discharged therethrough, and 
preferably the dimensions of this pipe are so se- 
lected that the liquid Is given a high velocity. 
Conveniently, this is effected by employing a 
35 delivery pipe of small diameter relatively to the 
cylinder of the pump. 

Where the delivery end 1 4 Is open, the pressure 
in the system which can be generated by the 
piston 18 depends upon the mass of liquid in the 
40 delivery pipe and the acceleration which is im- 
parted to it, and it is desirable that this pressure 
should be high and this is effected by ensuring 
either that there is a large mass in the delivery 
pipe, or ’ that it is given a very high velocity, or 
45 both. 

When the liquid in the delivery pipe has at- 
tained its maximum velocity the piston is ap- 
proaching, or is at, the inner end of its stroke de- 
pending upon the mechanical arrangements used 
50 for operating the piston; if it is driven through a 
crank and connecting rod it will have an ap- 
proximate harmonic motion and the maximum 
velocity of the liquid in the delivery pipe will 
occur at or shortly after the middle of the inward 
55 stroke of the piston. As soon, however, as the 
piston slows down or stops, the liquid in the de- 
livery pipe having attained its maximum velocity 
will tend to continue in motion, by virtue of its 
inertia so that it will separate or tend to separate 
60 from the liquid in the cylinder and in the inlet 
part of the system. As the pressure on the inlet 
part of the system is relieved the energy which 
has been stored in the inlet part of the system is 
released and the liquid in the inlet part of the 
65 system is thereby set in motion towards the de- 
livery pipe, and by being lifted off the inlet valve 
it relieves the pressure thereon so that an Inflow 
of liquid takes place due to the atmospheric pres- 
sure outside; it will be seen therefore that when 
70 the piston is ready to start on its next inward 
stroke, some liquid has been discharged through 
the delivery pipe from the open end 14 thereof, 
some of the liquid in the inlet pipe has been trans- 
ferred to the delivery pipe and to the pump cylin- 
75 der, and additional liquid has entered the inlet 


pipe through the non-return valve 13. On the 
next stroke the cylce of operation is repeated and 
this continues so long as the piston is kept in 
motion so that liquid is lifted from the supply 1 2 
and delivered from the outlet 14. 5 

It will be seen that special advantages arise 
from this characteristic of the present invention 
as for example in the case of pumping a liquid 
which contains a gas in solution. This Is trouble- 
some with an ordinary type of suction pump since 10 
the gas tends to come out of solution, whereas in 
the present system the presence of gas in solution 
renders the liquid more highly compressible so 
that more energy can be stored in it, and the fact 
that the liquid is subjected to pressure prevents 15 
the gas from coming out of solution. 

It also lies within the scope of the Invention to 
provide special means in the inlet part of the 
system whereby energy may be resiliently ab- 
sorbed, it being appreciated of course that such 20 
special means must always be capable of with- 
standing the pressure to which the system may 
be subjected in its operation. 

In cases where comparatively small lifts are 
required on the inlet side, the Inlet pipe may be 25 
made of a suitable resilient material such as stout 
rubber hose; alternatively, a metal pipe may for 
example be lined with rubber or other resilient 
material which will easily absorb and return en- 
ergy to the system as required, and it will be ap- 30 
predated that this is useful as for example when 
pumping corrosive liquids. 

The following is an example of an actual con- 
struction of a pump used in practice. 

The piston was of 2 ins. diameter and had a 35 
4 ins. stroke and was actuated by a 1 H. P. mo- 
tor. The inlet pipe was of mild steel of 1 inch 
diameter approximately 66 feet long. The water 
level was 46 feet below the bottom of the pump 
cylinder which was disposed vertically, and the 40 
foot valve was 20 feet below water level. The de- 
livery pipe was 100 ft. long, the first 30 feet being 
of IV 2 ins. diameter and the remainder of 3 ins. 
diameter, and the outlet point of such delivery 
pipe was 50 feet above the pressure chamber. 45 
When working at a speed of 340 strokes per min- 
ute, a delivery of 2,400 gallons per hour could be 
obtained, but the pump could be run at lower 
speeds absorbing less power. 

It will of course be appreciated that the outlet 50 
and inlet pipe may form one continuous whole so 
long as there are efficient means for applying the 
intermittent pressure and that the term “pres- 
sure chamber” as here used covers any arrange- 
ment for the application of such pressure. C5 

It is not essential that the piping should be 
arranged as shown in Figure 1, and Figure 2 
shows a different arrangement in which the Inlet 
pipe 21 with the non-return valve 13 Is vertical 
and the delivery pipe 22 is horizontal. In this 60 
case the cylinder 17 is shown as arranged verti- 
cally and the connection IS to the junction be- 
tween the inlet and delivery pipes is apparently a 
continuation of the inlet pipe 21 . Although this 
arrangement gives the appearance that the de- 
livery pipe is situated on the inlet side of the 
pump, it is not so in fact because the delivery 
pipe is constituted as before by that part of the 
pipe between the connection to the cylinder and 
the open delivery end. 70 

It will be appreciated therefore that any dispo- 
sition of inlet and delivery pipes may be used, 
and the cylinder and piston may be situated at 
any point provided it communicates with the 
junction of the inlet and delivery pipes so that 75 
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the pressure can be applied intermittently to 
them. Preferably, this connection will be filled 
with liquid, as will the cylinder, in order that the 
requisite pressures can be obtained, but in some 
'< instances it may be possible to provide an air- 
cushion between the pump piston and the liquid 
in the main part of the system. 

It will be appreciated that in the system so far 
described the only valve present in the system is 
h> the automatic non-return inlet valve 13, so that 
the rate of delivery of fluid by this pump is de- 
pendent solely on the speed of operation of the 
piston 18 . If it is desired to provide a manual 
valve control this may be effected as shown dia- 
ls grammatically in Figure 3. A manually operated 
stop valve 23 is shown at the delivery end 14 of 
the system, and in order to prevent pressure 
building up in the system when this valve is closed 
and the piston is left running a cylinder 24 hav- 
'0 ing a capacity equal to that of the cylinder 1 7 is 
provided in direct communication with the inlet 
and delivery pipes, and a piston 25 in this cylin- 
der is provided wth a controlling spring 26 nor- 
mally holding the piston 25 at the inner end of 
25 its stroke. This spring is of such stiffness- that 
in normal operation of the system it does not 
move, but when the valve 23 is closed the pres- 
sure which developed on the inward movement 
of the piston 18 moves the piston 25 so that the 
30 liquid is merely transferred between the cylinders 
S7 and 24 and the pressure on the inlet part of 
the system is never relieved so that no fresh liquid 
enters the system and therefore the pressure does 
not build up. 

OS If the valve 23 is partly opened a restricted de- 
livery is obtained, but the pressure on the inlet 
part of the system is not released -to the same ex- 
tent and therefore a correspondingly reduced in- 
take of liquid through the valve 13 takes place. 

40 Sometimes it is required to transfer liquids 
between two points in either direction and the 
pumping system according to the present inven- 
tion lends itself to such an arrangement. This is 
diagrammatically illustrated in Figure 4 in which 
45 there are shown two tanks 27, 28. The pipe 28 
between them is connected to a pumping cylinder 
38 in the manner above described, and each end 
of the pipe is provided with an automatic non- 
return valve 31 and with a stop valve 32 which 
50 can be opened or closed at will, the stop valve 
opening into the inlet pipe above the inlet valve 
31. If one valve 32 is closed and the other Is 
opened', the second valve 31 Is thereby rendered 
inoperative and pumping takes place, In the 
56 manner previously described, from the tank in 
which the stop valve 32 is closed into the tank 
in which the stop valve is open. If it is desired 
to reverse the direction of pumping all that is 
necessary is to close the second valve 32 and 
open the first valve 32; whichever of the non- 
return valves 3! is rendered operative by the 
closing of its stop valve determines that that end 
of the pipe constitutes the inlet and the other 
Q g end of the pipe the outlet or delivery end. 

Finally, it is to be pointed out that the drawing 
accompanying this specification is purely dia- 
grammatic and is not intended to limit in any 
way the mechanical design or arrangement of the 
”/0 system, and any suitable types of valves and 
any other kind of pump capable of intermittently 
producing pressure may be used, the only req- 
uisite being that a sufficient, interval of time 
should be provided between the pressure Impulses 
ys to allow of the transfer of liquid in the manner 


3 

hereinbefore described and that the valves shall 
effectively accommodate such flow. 

The present invention thus provides an im- 
proved construction and arrangement of pump 
of the aforesaid type in which all valves ex- 6 
cept the inlet valve are eliminated, and which 
operates on a cycle that is independent of its 
speed; it is thereby distinguished from known 
pumps of similar types which operate by setting 
up resonant pressure waves in the system, and 
also from those which operate on a cycle deter- 
mined by the operation of their valves. 

I claim: 

1. The method of raising liquids from a depth 
unrelated to the barometric column of said liquid, 1*5 
which comprises establishing a column of liquid 

in a suitable inherently resilient containing sys- 
tem having non-return inlet valve means ad- 
jacent the bottom thereof, establishing another 
column of liquid of considerable length beyond 20 
and in communication with the upper end of 
said first named column, and in a suitable con- 
taining means comprising a free mid un- 
obstructed delivery system, causing a forward ac- 
celeration of the liquid in the delivery system 25 
and simultaneously causing a compression im- 
pulse in the first named or inlet system by apply- 
ing pressure at the point of junction of said two 
bodies of liquid, thus tending to separate the two 
bodies of liquid at said point, storing the energy ®® 
of the latter impulse in the first named or inlet 
system by the Inherent resilience thereof, and 
then releasing the stored energy by removing 
said pressure, and causing the body of liquid in 
the inlet system to follow the still moving body 
of liquid into the outlet system, and thus admit- 
ting more liquid through the inlet valve means 
to replace the portion of the liquid which has 
moved into said delivery system. 

2. A pumping system for liquids comprising 40 
an inlet pipe with a non-return inlet valve at its 
intake end, a normally open unobstructed de- 
livery pipe having one end in direct communica- 
tion with the outlet end of the inlet pipe, the 
inlet pipe bfing of considerable length to pro- 45 
vide sufficient inherent resilience and expansion 
for the storage of energy resulting from inter- 
mittently applied pressure, the delivery pipe also 
being of considerable length to provide a body 

of liquid of sufficient mass and inertia to ensure 50 
the production of adequate pressure on the liquid 
in the inlet pipe to store said energy and to 
provide sufficient momentum to exert a pull upon 
the body of liquid In the inlet pipe, a cylinder in 
free communication with said system at the r,r ’ 
junction of said Inlet and delivery pipes, a piston 
adapted to reciprocate in said cylinder and 
means for reciprocating said piston at a rate 
of speed unrelated to the dimensions of natural 
period of vibration of said system but adapted <10 
to intermittently apply pressure to the bodies of 
liquid contained in said pipes, whereby the liquid 
in the delivery pipe is moved therethrough dur- 
ing the application of pressure so that it tends 
to separate from the liquid in the inlet pipe, and 05 
further whereby the pressure applied to the inlet 
part of the system resiliently stores energy uni- 
formly throughout the whole volume thereof un- 
til such energy is released, whereupon the move- 
ment of the liquid in the delivery pipe becomes ^® 
operative on tb _> liquid In the inlet pipe to trans- 
fer a portion thereof to the delivery pipe and 
thereby permit the inflow of further liquid 
through the iniet valve, cut-off means provided 
in the delivery pipe for turning the flow of liquid 2# 
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on or off as the need requires without stopping 
the operation of said piston, and normally in- 
operative and Ineffective means In the system for 
absorbing and nullifying only the pressure im- 
0 pulses due to a continued operation of the piston 
while the cut-off means is closed. 

3. A pumping system for liquids comprising 
an inlet pipe with a non-return inlet valve at 
its intake end, a normally open unobstructed 
10 delivery pipe having one end in direct communi- 
cation with the outlet end of the inlet pipe, the 
inlet pipe being of considerable length to provide 
sufficient inherent resilience and expansion for 
the storage of energy resulting from intermit- 
15 tently applied pressure, the delivery pipe also 
being of considerable length to provide a 
body of liquid of sufficient mass and Inertia to 
ensure the production of adequate pressure on 
the liquid in the inlet pipe to store said energy 
20 and to provide sufficient momentum to exert a 
pull upon the body of liquid in the inlet pipe, a 
cylinder In free communication with said system 
at the Junction of said inlet and delivery pipes, 
a piston adapted to reciprocate in said cylinder 
25 and means for reciprocating said piston at a 
rate of speed unrelated to the dimensions or 
natural period of vibration of said system but 
adapted to intermittently apply pressure to the 
bodies of liquid contained in said pipes, whereby 
*** the liquid in the delivery pipe is moved there- 
through during the application of pressure so 
that it tends to separate from the liquid in the 
inlet pipe, and further whereby the pressure 
applied to the inlet part of the system resillently 
35 stores energy uniformly throughout the whole 
volume thereof until such energy is released, 
whereupon the movement of the liquid in the 
delivery pipe becomes operative on the liquid in 
the inlet pipe to transfer a portion thereof to 
40 the delivery pipe and thereby permit the inflow 
of further liquid through the inlet valve, cut- 
off means provided in the delivery pipe for turn- 
ing the flow of liquid on or off as the need re- 
quires without stopping the operation of said 
45 piston, a chamber in the system adjacent said 
cylinder and piston, and a spring-pressed piston 
in said chamber for absorbing and nullifying 
only the pressure Impulses due to the continued 
operation of the pressure applying piston while 


said cut-off means is closed, said spring being 
of sufficient stiffness that in normal operation, 
when said delivery pipe is open and unobstructed, 
the wring pressed piston does not move. 

4 . A pumping system for liquids comprising an ff 
inlet pipe with a non-return inlet valve at its 
intake end, and a normally open unobstructed 
delivery pipe having one end In direct communi- 
cation with the outlet end of the inlet pipe, the 
inlet pipe being of considerable length to pro- 10 
vide sufficient Inherent resilience and expansion 
for the storage of energy resulting from inter- 
mittently applied pressure, the delivery Pipe also 
being of considerable length to provide a body of 
liquid of sufficient mass and inertia to ensure the 13 
production of adequate pressure on the liquid in 
the inlet pipe to store said energy and to provide 
sufficient momentum to exert a pull upon the 
body of liquid in the inlet pipe, a cylinder In free 
communication with said system at the junction 20 
of said inlet and delivery pipes, a piston adapted 
to reciprocate in said cylinder and means for 
reciprocating said piston at a rate of speed un- 
related to the dimensions or natural period of vi- 
bration of said system but adapted to intermit- 20 
tently apply pressure to the bodies of liquid con- 
tained in said pipes, whereby the liquid in the 
delivery pipe is moved therethrough during the 
application of pressure so that It tends to sepa- 
rate from the liquid in the inlet pipe, and further M 
whereby the pressure applle^ to the inlet part of 
the system resillently stores energy uniformly 
throughout the whole volume thereof until such 
tenergy is released, whereupon the movement of 
the liquid in the delivery pipe becomes operative 35 
on the liquid in the inlet pipe to transfer a por- 
tion thereof to the delivery pipe and thereby 
permit the inflow of further liquid through the 
inlet valve, said delivery pipe and said inlet pipe 
each being adapted to be placed in communica- 40 
tlon with a body of liquid and provided with 
branched ends, one of the branches of each of 
said ends being provided with a non-return 
valve and the other branch being fitted with a 
manually controlled valve, rendering the pipes 45 
interchangeable in function to effect transfer of 
liquid in either direction. 

RICHARD HARLAND DICKINSON. 
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Department oj Physics, The University of Wisconsin, Madison, Wisconsin 
^Received December 18, 1944) 


52 


= !e "I 6 ? 

b-S-see c i % *-S E 5'v 3 

6.-~-o s „<= c a § s x j 

5 S 2 - 5 eS£S 3 - ? , S_ 

1 ^ § 2-1 ™ et-s- 

- !« o -i-s >>* o 1 ® « 3 

5 '5 .9- M g .2 « » .= J? S. “ x 

S « |-5 |g.> o-?i »= E 

E S I 62 1 ““ n, -'?3 8 

C O O C C k,* 

S«x- = ® P -2 <1 S'Js-c 

cj £ CQ ^3 i j) Tl w "O 

lisp pll**; gi! 

;^CE.c5j2h;“ 

1 83 ^. 8 .? is §i|| 

•— 0 ■« O e. U .O c c t & 3 

u «*•£ — i- os a a a « « 

'^E^I^ESS-g'-g, 
III e 2 -I -l^'e 

h 8 i s HHsH* 

“Si'S S- 45 s .2 I u * £~.i 

2pii ri2.8«"3jft > 

3 Eq.-Js “ 2 “E = j § 
ogap- -r_ <u *- < * B. u 

|| 3 | ff.l'SS = B 

2 xs-S &S.II ° *3 £ E 

1* o V 3 FH-CfcCs gcr 

= lksP|S8£p 
•2 ““.SiT 8 jk £ "£:= 

£ •“ £ t> •- 5 8 

2s re a S.£ U o -2 o 3 

«g£ rt-OjUO p g <3 cj~ 

= . 2 ; - 5S 

^ E g * 3 3 “«u 

>!S £ st t*"~ -c ;« 

^ D. t' — •- C . o "O c ^ * 
rt 4> <« '/. _ CS ''•-C C c — O 


™ c 8. 

sis 

,_ E ■ 
^ « “ 

.£ tt’S 

•S.I! 

rt nj ^ . 

v, u rt 

■* T3 i . 

“ s -? 


»; « 

■«« e 

te 3 


i V C " 

:=P : 


to O -C 
C > *-* 

l a *. 

a <u 

§ 3 2 
O $ 03 

<u v- 

S aK 


W3 CJ i 

’x ° a “ 
rt o £■ o 

■l-.S S 


:= y u • 
.£ S^S 


i * .2 o . 
! V a * 

: sc = 2 

!= §>! 

: § -I «' 


kl -21 

■ i|. s 

i 8 ^ £ 
— - w 9* 
d a. c 

' - c o C3 


^ K X : 
9 ^ Wv 


to «-* O 

CD 

*^x ^ 
§1 8 


c -i <y 
o yx 

1 ^ = 
■a fe «; 
2 > SP 
_• 3 rt c • 

2 j c > 
i. r cj t' 

S O E a- 

2 .c ‘u tlfi - 

= *- K.S 

“I £ 5 


i X 5? 

; S « 'o 
; c3 iii a 

w ^ 

'” 64 "5 

o g » a ~ 
y d-5 b 

?.e s u 

5-=x“ 

I -c ^ 

. y ° > | 

"2l 2 

is C. 0 O 

I 3 iS u 
l-IsS 
t £ # s 

g o a x 

£ S 8 


S si^ 

.- &■§ 

<q O c 



, “ 5 (3 j 

«f “1 1 
« ^ s 1 
£p>,- 

Ks| < 

0 rt q. 

" = x >, 

<2 i " =• 

E - ° c 

1 |-jj. 

'= c 2 a 

« ■- a£ 

oStj>, 

■| S 1 . 8 a 

IIIJ- 


o <£' c 
c ■= o 
• — c o 
J3 tO 
u rt D 

c £ -5 


cop 

■|Sl : 

rt *— 


cc -c 

■Esi 



53 


'■g-Si 


2 * S £ 

s II fro- 


3 % 3 

O o **** ■ 


, SJ U. -O gj • 

3 c £ 

w : c 3 

' 9 o o o 

UT3 >' 


■•2 -a -2 
1 *U c o • 
^ < £ 


: * .£ 2 « ■£= 

= fc t - “ , 

> -s g T3 " ^ 

‘f u ros. 

| ti" o . -! 

tS^r" 

J — , r; cj t- C 
i C d> 3 

i x II = -£ • 
1 S &= “ P 
■ 4* ^ '* .2 0 

; 

l-c all's 

> .£ 2 5 


j -= | S’ i 

i > , 

' P c- ; 


'S> 'u f £ 


•2 -Ji 

-2 o F 


-c o “ . 

n ^ __ : 


to L. , 
55 <y o 

0 +- c 

u g -2 

d ^ 
>. J4 

.5 £f § 
^ 2 * 

1 5 H 
£.2 * 
« 54 


>, o -a v, 

be C C E 

g w *G ^ 

c - s 

« £2 S 
u 2 p S 
S - * <P 

C V _ J= 

'- o c « 
-4 c o 
— ; '35 w ^ 

2 o 5 Si 
55 II 3. O 


Stceii 1 

I! 2 ~ ® 
"a 

i m t c 
° 2 
co _ O *"* 

^2 - s 
C 5 S I 

y £> a - 

|-s':§ 

"T C t 

o c O £ 
> y X w. 


«J £ u.'i. 
be-.- Er 3 

ji a = 7: 

♦j <o ^ oo 
JC <u M ^ : 

■p -s S "> 

^ u c — 

<p g 15 5 

2 o — 

O p rt N 
64 O g c 
C w u 


a o t-. *3 

C--0 

£•£11 v 

£f 0 *1 J> 

- * “3 2 . 

5 II -*• cj ' 

,u - v •“■ -5 

1 2 ’ 

2 § i ■S 

.£“ o « - 

II Ji g - 

w 1/3 C Wp 

a </> c « 

^ ° _D C 

E fc o 2 

■> — " Q 


-a = 

o c > m 
g fC "' _g 

•§^-« “ 
-2 §'|S 

o u m g 
? <; c 

II J8 Ji 





3 

► 

j 

+ 

+ 



p — p 


■ct 

{ 

a. 

O 


p 

i u 

'J p.2 « 


;-£ s S. 


p -p rt 

“ I u 
I Eo 


c ° 2 

3 o 2 


■o "2 I ‘o 


2X 

7j' 

8 

c 

u > 

V3 O 

C 

Gj ^3 

ex 

u 

CJ 

>_ 

O 

J 

O 

nj 

X 

4i 

c 

*8* 
2 -D 

E c 

Oi **" 

“C 

C 

u 

Si 

u 

."5 

CO 

*5 

7l 

O co 

>,2 
X CO 

‘5 s 

cr-2 
<u *-* 

to 

OJ 

_e 

CO 

O 

u 


, co <u 
c= > o 

^ OJ -C 
CO -*- 1 
, ^ -C 
bfi 2f • ~ 
c - 3 
•- O 5J 


O a •- *■* 

3f c 


;.£=)■ 
O w 


tj aj[ c 

2 ° (5 ^ 

1 % .*5 i-i § 

ti (3 u "C 


' ^ X g ■ 
; .*£ a> r 


'■6 5T3 

C ti 
rt <!•> -c ■ 
C.-C ^ 

« w v. 


73 ci 3 ' 

-a 2 3- 

cu « b£ ’ 


^ a 
£ SiJ'i 
H s: i 

c o ■ 


c rt .— i co (/j 

, Ei, ss 

3 2 5 5 S 

_Si 2 5 9 -c 

o o ° ti o 
c «-»■ ,, -c 5 


' o .2 ; 

# E "8 

c _c £ 

OOP' 
rt .r , 


i» 

• E -| 
O 3 s 
i< »i p 

^ g>-a » 


! *rj Ci Jfl ,£ X 

; J te g S ^ 

» ■q - ; 5 'Siv2 

, Q, o c 0 o 

3 3 4J +5 i ' 
« CT - ^ : 


be GJ w 

c > o £ 
CIO 

Oi £ 3: 

> Q O .3 

■»2c ^ 

"S 


w- U CO 0 

3 2 * E 
K OJ S3 O 

x: ■£ ao 0 
y I! to ^ 

3 "O ?T - C 
w >— ,£ 73 

O -2 ■§ .a 

^ 3: rt w 
rt •— Cl tt 
C > S* 2 
b o r*~ 

rt u ^ 

^ '5 o • 

§ .? b,.^ 

*0 *“• c g. 
e'o'sl 

^ I 

O o 

“•5. U w 


5 ° S; „ 

\1 cl 
i- S'7 " 

! -C C 

2 «_i (j 1/3 

■» 0 m = 

j-27 5 

^ A? V) 

f % x: 

0 u £ 
i ~ 3 w 
5 ^ U 

: c 3 
H -U o -o 
CO c 

i c c o 

; O y 

3 C 3 

: eg >% 

’ ^•r u 

j co rt o 

3 £ £ S. 

5 § “p. 

i io >, O 


3 : VJ c 
rt *r ~ 
> * *7 
c E ^ 
c 3 £ 


C C W; t/3 

.s fl O (1 


co rS = 

“■i-sg 

£> cr-£ 

C T3 

S C '> 

; » 3 8- 

, co ti O- 
“2 G . 
>b.iS' 
;-5 E »;■ 

I ? c c • 
u O *■* « 

« o o, 

1 ^*.5 ■% v 
, 'U O -C 
a c ^ 

, C cO 


y S £ 

S3 g 

■° c’-d^ § o 
U C3 C3 P* c. 
■£«■£.-=£ 
c •£ # ? E 

ji-a u a E 
5 2 p, > -o “ 
■^.E Ef § i £ 

•?82ut" 


&-u i - 

“o.2 • 


ui-'c to' 

— .’H '3 

c w d 


•^. C P3 

ni 5 , 


» — m c 
« ."c jc <y 
™ 3c ^ to 

W __ jfl ^ 
t- X5 « W 

I »•£ ii 

™.h U £ 

6 S- M o ' 

e 

0 5 0, 


M 0 'o > . 
^ c o £ 
'u -2 35 — 


p 60 >-, 
“ C J 

^ o _ 


i.i’S. 

H 1 a 

• 1 \ 

S 

« a “ 

P I O 
3i | « - 

c a. co 
-o -c 


tO -C 

~ c ^ 


-c t: b 
•o c co 

o : 

CX Q 5 j> 
0 Ui~ 

H .£ .- 

- *'* 
cO O v> , 
bfl'n "oj 


% >> JZ J 

•5 C. w ^ ' 

a c &o , 

•3 3 ° e 
2 «« co ‘3 : 

£ 2 « r 

.S-t 2 0.5 

93 ^ -2 c 

=5"S d 8 • 

O 2 64. £ • 

5 M E S 

c 5 = a 

6 c H “ 

o V u 14 

■ n •" v. 

: | 7 >. g ■ 


w -D C •- I 
(4 c O -S- 

p -ts d t: it 


oj £ E 

JC •“ o 


2 »= c 
-c c E 


g 5-6 § 

-c g "> E 

■S- E ^ J 4 

g,-- 1 O 

& w .= £ 
w rt (0 
.ti &s 

C CO O 

w _a •■=■ 

c 3 . - JS 

0 3 ^ 

““ C r - 

Ji -5 X 
u ~ <u *s 
■ r 2 e I 


i “p 1 ' o 

> .C 3 _ 

1 T3 ■ £ cO 

> to ,*« bo 
*■ u _ 3 

: _c 0 'C 

: ^ ES c 
‘ o 1- c 
13 — «i ^ 

5 c &> y 

3 S.a - 
5 - c ^ 


■ - p 1 " y ^ 

64 -£ | •£ P 

e : j.*, * 

.- £ J5 

, t c ^'"7 
° T P 6c p 
>,jC g « S 

■ - « £ *> « 


S 'l'B g Ji 

«j y c u 
P, ® ^ i2 to 

“ 3: 

2 - 2 c ^ . 
7 « i: o c 

o!n_b 

£ o = E O 

•5 a « 8 .j 

j: o Sp*' 
1- 2 ° _ 
cj . ~ *-* £ 

■ -C "S *0 u 
o J- ^ ^ ' 

-C 'c . 


S.i'gdS- 
o-w> c s-o 
to ‘J5 2 .71 . 


, CO -O U 

'•5 ^ 
co tr: 

! c . " 
C J2 £!d 
it 3 c 
IpS.2 

. a a 0 

; <3 7'C 


J 6 O 
*? 5 " 


to GJ C 

Jt 3 

xc ,22 c 

m. 

— c 
co -Q pC 

III 
« > # 
*. d « 

c E -o 

cS § 

8 « ^ 
p V ~ 

2 c 

• g 4> 

#- s E 

^■S.h 

'u C 
to u er 

£> 8 E 


| “ 1 

; * E o ! 

£ v E 

5 4 3 ji 
7^ <y t/5 

'.£ = J= *S 1 

0 •"* *■* c .! 

w c g pi 

a* .0 — ° ; 

•£ | _c </> , 

£ S. § *2 

O X o ^ 1 
° C p ’ 

•* c 

rt " 

^7 O ^ 
•*" c GJ to 1 
<y *o b — 1 
-£ o ^ 75' 

r 0 * 5 .2 ■ 

1 e k ^ 

E ■§ ; 

o 2* S 

2 s r £ 


o Si 
*5 2 *" 

<0 rt> 

^JC 

O £ *r 


.2^ c 

2 a > 

£ 3 <u 
cO o 
O. c - 
X ^ 

113 ^ 5 
07 K 
’It u 

CO O *4 

J3 .2 8 
.2^8 
T3 p 8 
cO C ** 

c Si w 
cO ^ 


; C ^ X 
. -C ^ = 

I To .£ .3 
J S c 

■ ,2 C CO 

1. <0 g J? 

i 8 m SJ 

) b c c 
) Cu C C 


S (o' CO -e 

. r >., (O >, 

. £ be 9 ex- 


on 5 -c -C _c 

C * *- — 

9 er £ o c O 
£ U - C - Ef 
_ u — fti 

c .£ -i s o y c 
> c . 7i c 

co 2 3 c c 0 

e 2 E2 2t 

d p 2 S5 c 


1 

g 3 be 
p- -a § 
eo xs 

1 

o c >, 

£ £-3 

.£ U J 


c *> £ 

jz ^ 5 

tx C3 


3 to 

C7 '7 
« 0 


w a 3 
S§" 

c t e 

g-s 5 

-§5 2 


co C c C 

S -c O ■£ 


c „ « be 

« rt 8 Jr* : 

3 £ 2 

to er o c 

$ t5 c 

u p c* 

CO pj u " 

o to o 

■E S §| 

co c 7 ^ 

■£ CO — p 
L y CO 
3 -5 *P ‘Z 

0 p « s 

“ 3 C «' 

i s “ 1 

fill 

o o 
“.£ E « 
J p •£ - 
c 

•5 o | ^ 

5 » c.s 



C u 

(fi u ~ *■* 

"7 c c — 

3-S-S g- 

Is-Di 


j g E E 

" c t; « 

, fl r 

i m .£ 2 
; 3 e. _ 
,=5 “•£ 


’ co ,to 

1 ‘-5 — g 

1 CO co ? 

1 »- .h 
: qj C. o 

,£ 


’ O -p ^ 

> « 8 &• 
: c .7 c 

' £ c.-g • 

!«- S; 

i.S.5 c 
r .|« 8 
! t £ 1/1 
; c c 3 

4« 

If §■§■ 

5 H u co . 


^ g M r ' 

- o <y 
n m Ifl^ c 



54 



2.71 

2.10 

0.98 

y 

ci 

— O 

• r> r+~, — 

.8 
a. e 

i 

_ 

“*! °9 "t tr> .~ r . 

O -e -e *^5 fv) -f esie^fvi 

^ — 10 — vC 

wo tri C 

- ri - -i m d in 

-- 

UUUUUUUV-f 0 -r^ 

OQOiopO^t'OCt 

It) C M 0 6 (? 00 r l 01 ri 


it it it 
uuuuuuu^liijt, 

*■ 

M (N ^ N c — r*~. CN 

M 7 1 1 

^ T . 

1 1 

O -o -t »rt 

^ - 0 10 1/1 0 oc t N 

tvooaoooaotvi^ift — — • 

0.5 

si 

O'" O* 0 ’ t> Oi' 00 ©i' <N oi cK a 

y 

x> 

Uit^ 

n 0 0 10 — 

v-/ 'O r 01 

O itONC •* 

O' OJMN 

j | 

CL 

Cl 

OtSitit 

in'C'S"; 

o> "* -** *— 

OON — 

7 

' - M 

-'S-? 

00 ^ <5 

-r rs -r 1 

r-i — • fv| ^ cvi 

O COfft- 

Molec. 

Weight 

(30 O fS O O 

06 oidNii 

<*■1 CS 


s_ . 

c ye E 

s, 



V. 

^ *\ r i' it, n x j> 0 -• 


k 

A. 


k "O 

y c * 

> w 

O 

y _* 
O 


> 


S .ti 
P * 


O"- 

U 


3 O 

"d u 


?gs 
>? 2 
o «S 

>ss 

Edo 

l 2 . 7 : 

5 SS 

|d5g 

3 . 
£ flJ 

$33 

■ fe ll 

«' 8'8 


Hi 
= u 

~uu 


k 

* 


*c 

rt 


X: x 

o 7 


<Q. 

®‘§ 
e 1/5 
Our! 

'Z ax 
"55 E w 

is£ 


CJ < x . 
x 

■i_> k 

o 

be ^ 
E be 
*j c 

S| 

.5 8 


I 


? 6 6 
■?ii 

to 

0 

k* 

. — 

“a 

1 

gyy 

I'S'S 

& 

a 

3 

(ft 

(£ 

^ .e-c 

71? 

c 

0 

<a 

a 

to 


k 


*5 

■CX. 


k 

»S 



: H *j 

- •« 

c 

- X P 

he * w 
~ y 

b 2 S' 

X O 

i So 

t n to 


rt -h v> « 
be 3 .5 

3 (ft ■ — 73 


> 

be 


_ y x u o 
W ox 

g J »*- 

E ^ -Z *« — 
h c ^ ^ 


.£, S £ g o 

■- -5 c “ 5 “ 
S%.?|E 

>, M ^ - E E 

,w •— ^ •*- J rt 

,• S o P 
..«£££ 


V ‘ 


GJ 

X _c 




3 

n 

•k 

ii 


- Ci . V 

k .E 

CO 

k c 

O' rt 

. II 2 


$ S 

II « 

H r ' 9 
" t 3 r~i 

a 


■£ 

3 


be 

c 


3 

-a • 


be V} 

o rt 
y be 


k 

-k 


k 

k 


A. 

•k 


X c 

X '£•- 

111 

oil 


c 

H 

w 

C 

I 

>, 

c 

rt 

O 


E" -cv ° 


u ■* ■§ J 

e o 

C 3 ■*_- .- 

c »- » "C 

C. rt j- 

- a s 

- yf u 

1 = sl 


x 

y 

x 


J5 - 
E P 


_ ** >> 
c /"\ 

o c — 
55 £ -V 
coy 
rt x x 
a. w ^ 

X ’~ 


to - u 
tO 

O y 


IS) J 

5-1-8 

-D U 

§ 9 

3 

y 

y 

II 

be H 

H - 
•X3 ■£ 

g'|J 

£ 

y 

c75 

.5 c 
—1 y 
X x 

^ X 

a ^ 

0 c* rt 
i— y X 

0 


0 > 

x >- 


•c •= 

5 c- 

X 0) 

x 3 < 

.£« o ^ 
u ^ 
y — 

_c <y « 


U) 

at: E 

"ox 
c 
o 


rt " X 


ll^ 

>, y x 
> 

C 

c 


o* 

Li ] u 
-2 

o •- ■ 

c .E 
o « 
w -- 

to . 


43 JS 

■ii 

■2 ^ 
“2 5 

3 rt 


s 

to to 


u c 


s.be 

iL, ■ 


”2 

E 


cr 

X 

o 


H 


a: 

< 


CO" 

<! 




i ! 

c/5 « 


to x 
x 

X c 

k rt 
k ^ 

II & 
£+ ' 


bo *P 


- - >s 

y ci 
be.w £ 

x ?s § 
^ ^.2 
y a r - 

.5 c cr 

to y 


c ^ "o T 3 
X Ox " 

. — "S w « 

V 5 ^ y y 3 

% -£ 3 z X _u 

^ r- ^ic« -3 f- 

|| ° .2 X u 

^ 1 £ 


Zl S' 

- « 3 . 

y «o 

f|^- 

X •- . 
y § C 
— O 


rj 

o 

» k " 


k > . 


-f 


.r x 
1 F 

a £ 
' X . o 


”5 6 
y B: 
o k 

p S ’ 


X rt 
>r ^ 

i be. 


o cr" 
^ W 


y to > 

“ x O 
>' t 3 u 

= l £ 

(ft 

to c 

til 


(O k 
» P : 


M 

CJ 

U 

CO 

< 

O 

« 

X 

H 


-is 

O X rt 
■rr rt* .£ 


O u 

a p y 
se j t 
.5 y >. 

£ w x 

A « A 
- -Ci. 

y ”0 O 

x c w 
^ rt f 


A 2 k * 

.£ 3 ^ 

co yH 
co g •- . 

(3 u 0 . tfi 

!«$! 

= p £ = 

^ o 8 


<u 


■ cC.l 


0 k 

1 11 • 
o 

tfl ^ 

II 

^k" 
8 II 
ak ° 
-c _ 


rt 


II 9 


2 S 

■g 1 

S aj 
• ~ n 


w ^ ^ 

O h c x 

'« w £ w 

c c - fft be 
C >r c c 

g - g . g ’■= 
S c“ " 

u 5 ^ c 

SjI 8 

.2 “ E . ; 

X rt ^ 
a a > 
a " o 
y „ tft *-* 

-5 4 '“ ^ 
,= 2 a j 

- ^ i t- 
y y X t , 

c. 3 H r 
a -° c 
o 

rt’ 1 


2 X5 X " > 
5 c bc-c x‘ 

2 « = ^ y 

C "x : « 
^ 3 " 

C tft C 

O 5 ^ y 

y p > 

- a " 


ct 


3^ 
fs c 


c — y « 
j- « *- a 

O 3 to y 
O y ^ 
3 c rr 
cq . C O y 


u ^ 

y C 


x y 

— u 

o * 


>-k £ 


rt “a 
“ « 
u ~ 


« £ u- 

£39 = 
c. S »? C 


■- O 

s 


o 

— y ^ -CX. 

j-5 S.« 

= _ 2 = 

tft •—; X (ft 

S 3 “ s 


. y 
y x 


' x 

r O 


E E o 
- 0_ 
a Jc -h 

be' — - 

2 "2 rr 


iJ C • 
y Jr 


_>> x 

“ 5 


y rt -— 


y 

X 


i-g 


to ,73 


<£ 


y g *2 

X tft 


• to 


- > 
^ y 

c ! s : 

w . rt 

O t : x 

C_ E 2 


JS-S 

.2 

^ 3 

E « 

y 

co 




i fl ^ 

O E y 

\ X 

." = g 
< % - 
V 2 *• 

t .2 
siX 


“ S 

O 3 

C 
O 


u> 


Si 5J 

y x 


>. y X 


« - p 

a.l = 

o o 9 
x c£ ^ ■ 

: S2r 

2 F c 
S # y ■ 
c -2 "y 

- toE 
rt 3 . 
be to 


be 

E 0 

ll. 

ae 3 


rt 

be 

»-. 

rt 


Q 

z 

-< 


a? f , 

S H 
5< 

*< H 
CO 

w . 
X >* 
H Q 
*< 
z w 

— H 

to 1/5 

Z W 

O X 

P H 

a 

X 

pi 

o 

* 


"D C 
o y 
x y 
.to X 
’■*3 

rt y - 

to > rt 
to rt 

•- x 


o*-; 


y x 3 

rt 

be >, ,fi 

c — to 

c 

k y X 

tft 

— l. y 
rt* -O 0 

y 

k 

•—1 

• C L 

er 

^ £ 
Lb. y 

0 

y 

: E u 

k- 

3 0 

O 

P 0 * 

tft 

U > y 

— 

5 . 5-5 

X 

to k - 


■ — y 

rt 

,tJ c b£ 

— 


y 


> 

be 


3 ^ 

^ E 
1 2 


h y 


O E 


S J2 

u y 
ax 

0 


s H a 

g ^ >■ 

X r; 'tft 


« O E a - •£ 
j: u Ci » “ 

0 3^ — 
r- > X be.p "3 ■ 


> o 
6 x 

•5 JJ 
y r; 

"“■ Cft 


y C O 1 


,E o • 


- rt 

y y rt 

*1 ^ ^ -O 
w c x ~ 

— y rt rt 


to — 

9 c 


2 % 
>. E 

2 rt 
.t; ^ 


y ■ 5 ' 

to 'O 

y 3 



55 


^ tn .S a' 



U to 
n: y c 
■r; Js « ‘ 
V 5*. 33 


y CJ o 

"-S- 

>' -3 C 

Q O 

_ •g c 

sg Si 


^ » a 

CO •- = £> 

_ bo rt ■ 


3 O* ^ tO 
C o t rt 


in) 5 o u 
*3 2 £ c 

r — i <j 

— . O "U ■ 

Jt y J= . 

— r- ♦-* to 

2 g 4 , « 

a >2 I 5 

i SlJ 


■ C to H "n ' 

! -2 & I § 

! s I '§■ 1 

^ c" * ** 

> E ^ c . 

1 U ^ s 11 

■ ^jc .5 0 

: ° =o£. 2 - 

i ^ 

i .2 £ « 8 . 

I a -g £ a - 


c O rt 

bo > 4- ' 
*35 03 = 
& o •> 


: .c y y 
> (J -C jz 

\* Z - 
* 6 ' 

1 — 0 

*1 - « 

1 y to ^ 

1 d 3 y 

e a 

, rt * x 


— -"E ^ § 

.2 3 § 8 

c ~ y Z 
— U -c w 
<V C - y 

rt « •- E 
§ bo^ - 
? b Jr? 


, y iii 

j- 8 |-§ 


o e u 
y y y 

sat 


10^0 
, £ L't 
: O *j 

Lg! | 
js .2 rt 

■ ^ ■£ *o 

^ $ Sc 

1-s § 


rt « •= E 
S b .2 

.OS ' 0 

*_ § * 
♦J T3 C 

*o c y y 
5 rt -o 0 

£ r r S ^ 

> U ^ V 
— 0 >, o 

y ° 
y c 3* c 

’a-c “E *35 
•C w 3 c 
Sd «? « 2 


| | | > , 


•6 £ £ 2 ? 

c 5 ^ ^ 

> y 9 y 

o J? a.-o 

«S#C 

60 - "Zj 0 
c W u W 
*-~ 33 o u 

§‘g «<£ 

« as 13 

■£ >> 2 S 

« = a « 

o s go 

d rt y . 

a a ^ » 

f S--s I 

•| .2 & n 
u --^8 
&f g* 

**- n 2 O 


i 8 | 
2 £| 
v V o. 

35 fc u- 


y -C 
bo ^ 32 

c y 

rt *■» 3 
X 3 40 
U JD u. 
O 


S 3 ^ U 

a jr E o 
E c ^ 

2 § 2"g 


; -r. O o> 

: 

|| ° S 

U x 
, c u « 
: o j: <u 
: bo-^l 


«. jk'O 
I .3 — C 

; " y rt 

l) y w 
_c t- rt 

♦-'■e * 

► y 
y X3 -n 
y 3 <-» 
c 3 - 

, a * 


6 o y -c c 

.= =•= « 

2 2 ^“ 
| 

Ee°5 
8 5 c -a 

a. « 1 $ 
j= -5 — Jj 

-£ 8 ° S 

,ti w y c 

S g-5 § 


sitt 

o 8 .2**S 

° J ~ rt 

y «J JS y 

-o « ■£ -5 

'M-ss 

a y c 

2 bO 

^ w a c 


.2-3 
-o J= “2 
<t « 5 

u y 

o ao.si 
r i- co 
£ rt c 
** ~ o 
y u 

f'Su 

H s « 

>. " n 
y ^ ^ 

£ y.s 

c. C u 
*c « 3 

S.J"§ 

S a. 


£ > E 
« *C o 
^ ^ 
5 .2 c 
•S’ •£ > 


co y y 
y _c _c ‘ 
j; 

£ “ o , 


»oi! 

y s > 


I y O 3 y 
J= '^5 y 3 

.= oj t? rt 


y ®5 "O 2 

<- ^ C i) 

*-> 6 o n u 


c > " 
o « 2 

bo C ^ . 

S 3 ^2 


T> w ^ 

'5 e 


. . 3 -*-* 

e o o 

.2 u. c - 
to O to 
C **- X 
nj to _2 

a c T3 

X nj y 

y y c 
y E .5 • 

_c ^ 

^43"- 
60*5 E 
.5 o S 

to rt , « 


Sje 
= s; « 

“ ki^ 

S = a: 

-c 3 '_r 


1 y bo to 

1 -C C 3 

j w *«o *£ 
-v. W 

3-&S ■= 

3 W C > 

r$'~ j: 

■t 0 «= 

j c S .2 

; - £ £ 
a; lc 

- “^4 

2 S o^' 

u 3 
*> y 3 CT 
;•<= %-■ 


! J E » 

> n " rt 

'.O' . 

: 8- § 

’^tS " 5 


y y 
- tJ y y 
1 JZ ~z 


f, bO c c 
r c o « • 

- 23 .to - 
D •— u E 

J i g, ac 

1 « £ ■ £ 

3 -° ° 8 
;* = «• 
5 <c . 5 ' 

« -r; *0 -H ■ 

: rS y rt • 
3.U3L 

3' c £3^" 
i J! 2 ^ 
i 'o a o - 

i bO %. c i 

j J e’j{*i 

- 1 8 | o 

; y E .to i 
. _c O 


' -a ,M 

1 5 3 *5 


*-«; m i aj 

yl.s « & 

■U T3 11 rt 

; K --S 1 
’ J S° > 

! i“ ■? 

] -‘ -C S « 

■5 ^ *C 

> £ -pH 

! « .2 •§ 

! H « c c . 

i c ^ a f « 

•- ■£ x ^ u 
j c y bo y 

; > e -2 II 

. ‘ait 00 - 

c J 4J >. 

j y fc c t- 

j 3 3 £ s > 

: 1 2^2" 

: 41 — jj 

i E£?u > 

. j « M S ° 

; . to rt y ^ 


’ rt J w ‘5 ■ 

• - — f- *~ m4 rt 

; s « . “ 

1 . a 

; - y o 

; ^ ^ rt 

1 . rt -O o 

1 y u ,y 3T . 

5 

2 E o-S 


2 4 ; 2 -5 • 

t; = .5 


rt si 4. 4) , 
•= - a ? 

<* 0 *5 rt 
- c to o 
>s c - ft 

■g -S ■ 

i^'F, o 


o <3 

bo y 2r 


■I | «%4 

1 rt 

^ ti be £ 
y S o 3 

lull' 


w > 33 w 

n i 2 c 

8 s = 2 

be P « - 

D * .e •£ 
-c . - 
“ ^ i = 
c O s 2 
'u « 0 w 
O rt = ^ 
.i _c «j 


! J J.i c 

1 o ■£ ^ .2 

! ^ > y 

J y o y 

: t) -2 J U : 
1 §1^ 

’s;c5c- 

; o 5 «'■ 

r | t SL 2 '_ 

v"° 5^ 

_U to 

3 >» 

>, j= u rt 
rt c 3 


■ tj , y 

; b u 

b rt c 


s 8 « 

>> g & 


rt — 

j 2 § 

y. g 'S 

_C u 
*:^'l: 


y ~ 
03 w 
4-1 *-> rt . - 


rJc" 

rt rt ? c ' 


>5 8S. 

y f- y — 

c g g 33 • 
a u o. rt 


c w ^ 

5 g S.: 

k -c o 

|§-S; 

C ^ y 


J4 JC H 
fef~<o 
Z - II 

y 

“5 o .. 

■M X' 

.2 - -o 

sS’ ? 


14, 

H 

► I « ■« [' B 

i -CX. -Ci. [ -Cl, 


rt o y 2 

• — 2j y 

^ 7= . y w 


33 ' 3 ^ 

^ 8 £ e 
y y y ^ 

g. a y rt 
CX y u 



56 


; O 


~ a; ri 
_g £ & 

w "a. u 


8 2 
be m 


<u <L> " o 

L ^ U 

£ u x ^ 


13 . 
o 

X ' 


« 3 > .2 . 


C - ■ 

•2 oi 


. ~ V) 

3 


= £ S 


X 5 

.* ~ 
i_ ~ 

o x 


3 >> 

- c 
rt "c 1 

&a- 

c 3 . 

O 


3 — 
CL a> 

x u 


-c .b 

c £ 3 

8 * ~ 

£C h_J 

a <y 

*“ "O x 


~ % o 
2 O u 
c ~ o 
c X) 

x.2 8 
— - 

8 o ji 
"P 31 X 
• w 2 P 


P - 

C T3 


(D £ O X 


a * 


u T 3 u U w 

Ci O i~ V G 

■5 g'!^ 2. 
Ji= £ § 5: 


o c 

X O 

* X 


■X _ i« 
^ 5 p 

-e ‘> =* 
sc ■" , 

=3 4 -* 

O c 

■5 1 


3 

b o 

3 V3 


v a 
owe 
O 3 V 
CL sc W 


6 O S c J 

R £ o " ■= ' 


•p a tt o L o 


D 

O 


' o 

: X) 


•“i 3 •—■*-' — O. 


>. o 

: "O 


cc 


W 

<J 

p> 

Q 

O 

a 

cu 

O 

H 

tfl 

•< 

O 


tn > l. p 
- O V L 
Jr O 9 * O 

o _Q £ c 
o >, ii u 

« r. J u 
_c 'C o i 
~ 2 - o 
'o ™ ° 

° £ TJ. X 


(1) 


g- 


3 3 
!r O 


a •- g 

= “ 8 


>. >,— o £ 


o c o 
X 3 > 
^ C 0 

.ox 

^ S L 

« ^ o 

g. S * 

^X 

-D « ^ 


q 8 8 


o 

o 


-vo 

S5-S 

u E 5C 

3 S-S 

8 * s 


§ “ 
8 ! 


=q 5 

c fi 

-g c 
8 u 
S >• 

£ £ 
c = 

u "o 


:J*f* 


O 3 
i- u 

*--!=■ 
C tc S • 


1 E 


> 

in o 
o t- 

o 

TJ 

c c o 

p « 8 

# ^-£ fc 


'< t/7 

O *3 


>. 
' X 


b c o 
rt o -G 

C *g *5 

>S U 

3 P* o 

«! E g 

G > 
o 


S.’S he 
C. = c 

X CT'P , 

ox - 

^ >s = 

O — i- 
4-< V 


SC -; ^3 
3 •— . rt 


>— c. o 

— 3 a 


^ -G — -r>OC-5 


o .b 

X 3 J 

— cr 

P3 X . 

P __ ‘ 
n - 


o c ■ 


2 CQ ' 
o 


<v 


§8 = 
: CQ 


Cl • — .= 

E - ^ 

o 9 


L-. 

W 

'> e 


v 


g 


to — "-' 

£ «5 2 


o t: . 

U 3? 




®S8sS 


a ^ 

E tn 


O 


- r «s W 


- ' X 
■ w 

o 0 o' 

?e! 

X 3 ^ 


o . 
p a~ 
rt Eb= ■ 

* o 

* °CQ 


P P 
“ O 


M o r3wXw-^X c r. 


- M 

17; Cl L 


C X . 

C rf 

U C 
O G : 


X O 

- - — i — ■ 

, c o 

: x p 


C 8 
8 ” 


bfl - 


x 

: o 


u x 
x rt 
P “C 
>/“ 
0.5 

•£ 

g O 
X cq 
be u 

11 
a . 


0 c c 
P o o 


i? ’C 


cq o 

o x 

E o 


3 

rt w 

S.-5 


» 5 


- *u - 

is. : 

pj a • 

w in 


be 

c 


w X r$ 

■ P c/3 V 

oP 

i« X ? 

^ - X 

5: ^ o 


< 

O 


X 

^ % 

O 

&e^ 0 

O 

2 '5c 


X c 

3 O 

c x 

3 *■' 

55 


X 

*-> “G 

u _ 

2 

3 ~ 


w C 
X c ■ 




X O W 

.b - c 
x rz ~ 


rt *5 ' 
o tc. 
x a 


' 1 n ^ 


1 C 


oc o x 


1 c> -5 


H 

5 

3 

o 

w 

w 

Ph 

V) 


o 

H 

< 

H 

O 

a 


ti 2 « ”5 v 
c *7 o S X 
*£ o c. o - 


>,fc ■ 

— V 




3 52 


Ijs- 


a? 


o 


u C 


.2 v 
— X 

*rt > 


b a 

a c -C 

p O « *y 

*~ c ii 


Cl </) 
X O 

p . E 

x 


■f % 8 


. t: v P 

^ X u 

. W> V) ~ o 
^ y « G tl 
Pc T — 

£ 5 s® & ; 
.2^5 s^ 


O) 


.0 


— c 

.2 IS 


wj in 

4-< l— 

X 

o' — 

2 I- 


~ — JZ ‘ 
C ■£ .“■ 

c .£ j= 

k||. 
I c ' 


5-2- 


= X 


c < 


5 u 


§ 0' 


X 

SC - 


- _, r P "C. ^ 

W X w w - C .x — 

' *“ - V) . 4g* U o 

c S' o ^ 5 o, 7 c 

.g be o *j cl o v * — 

00 ^- — i' c R be c 

cc-xr. x ^ - w 




c ft C 

« c 

be w 


‘■5 te ? 

E ~ '~T: 


* X 


>*.= 
s «■ 

c/j rt 
be _0 

^ 2 

b 'x . 


p 

*j w ^ 

— vC 

X ^ >yj 


# x ■ 

CL & 


n 5 .5 g 

i: be— > 

2 >».« ’3: 

c rt -2 

Me ox 
t = 22 *55 
: c « 

0 _V) *X 3 •— 

c-C ^ 
rt CL C 

<y <n x 

_ O t« 

2 c o . 

s/) W — 

- p - £ 
P = 0 G 
X 2 0 O 
be i- r. 


X 3 v- 
1 P O' ?< 


« 

O 

K 

5 

a » 
S “ 

ss 

2 ^ 

o 

H 

K 

o 

a 


b> -r c ex 

-E * X - 
., o « 

, X V 
o X 


S S' 

x o 


*- !C _ 

■* u. 

O 3 


0 «- 
X 

3 X 


g 2 S! J 

• - ^‘5>T 

KJ - ^ c 

>. = *- 2 

• - X — 3 

8 S S s 

T p 2 t 

^ c 

"p E p 

u v p. 
£ .£ £ 


£ 8. 

C ^ 

5 -5 

o c 
x v 

C ii 


fc ° 3 
X 0 o 


. s/5 tj ; 

x 3E 


o be G 
“ 0 


c <C o o 
•- ^o > x: 


x 
" C 
8 


to 


S 5 ^ X 

o 

o — 

o o 


5rt hf u 
8 = 8 

-c x p 


X O 3 

^-COX — 

w *5 be = 

1 3 . 3 0 
O o * tt 

: o> “ - iii ■ 
, ‘L g .5 2 : 
: - .S x Cl 

-1121 
u X • 


.2 -5 
c 9 


CL 

X O 
O X 


3 O ' 
O’ 


if p 


g.e S. ‘5 


_o a 


S 1 - §■ 


o CL X x 


9. £. fc T- 

P 3 p > 

3 ^ r ? 

' be X 

3 




S5 £ • 

x t ~ ' 


o 


. . , w i- tn 
££8^8: 
G , . 'Z 


te 1 


tfi 


X o x 

- > X ^ 

I ^ 


P o •- 

c be « u 


o 

9 < 


Cj "X 


3 •- se • 

3 O P 


.2 r- 

a 5 

ID "C 
0 V 

3 O 
O ^ 

^ ce 


p 3c 
E 3 ■ 


'D 05 — 


' G Ll ' 


!s? s 


s/, 

J-~ c 

"f > . ? T 

^ 2 ■^" 

u: X ; x, 




3 “ CXI 

O > Is 
X 

3 3 X 


ctE“ 


C ^ x « 
9 3 - = 

X ^ - o 

-raj; 


3 

■ — ct 
O <D . 
tt a 

o £ 


X — c 

— X > 

^ *« c 


x is o j= 

u X , 

— x „ ^ 

s !9 j: « 
H = - £■ 
i .5 3 


ii 


x 

o 

H 

O 

OJ 

w 

X 

H 

o 


o « 
^ £,„ 


bfl F 

.5 o 


C '-' 

re .2 
-c . 


: “i 

3 -E* 

‘1 I. 

p « 

.“ X 
ct w 
_ o 

, I g 

'J o £ 

S.t 

o ^ 

x a 

"' _ ’in 
^ 0 
S a 
l ^ a 
p o 


c X 
W.cj o 
Co-: 

-5 £ c 


“ g. 


^ n .= 


y > x 

X 3 -M 

^ o 
“ o ~ 
.5 c c 
o .9 
- -c “ 

<3 « 
c OJ P 

X 1 


— , Jr — ‘ ^ - X 


3-= 


^ O 4> y 

_ HD ^ ~ *? 

£!-§ si 1 

C •*-» > l£> Ct X 


o 

S5 


H 

■< 


S3 

o 

X 

X 

o 

u< 

w 

c n 
X 

X 

o 

H 

O 

PS 


, O •-•— i 

2 re 7 


1 0 
■ - y 


u ^ *0 . 

. P ft 

^ y U o • 


O ' 

-2 o 


O U £ 


? y 


& >-~ 

c -- . 

_ c X 

t — ftj *-* 


o *“ 

X uc 


c ft 
£ o 
CJ . “f 


y 


9 X 3 c O 


^ ^ 9*- 


3 Ot 


rt u“ - 

p U u p 

a " 

£ 9 £ -~ 
£ u w 

C 4; 
x 3 *3 o 
3 . C 3 

a “ 8 lo 


O O X 
rt o w 

& r ° 
•c a # 
o o a 


5:H 


o 

x ,, 

S> w 

2|-s 

o ^ . c 


o 

cn . 


<n 

a 


S y J 
9 P -C 

I te . ' 

op:, 
' o 5 
! £ 
T3 (« 
rr « 

: § “ 

! i & 


O : 
X 


57 


s s a 
^ - 2 

:<■“>- 




a -= 


o c 

c~ m 


^ r* 

£ o £ 

« •£ u 
tS y o 

o £ ^ 


o ^ 2_ b£ *— "53 

*z t* i— ui 

CS K = «u « <u 

iJ t O JZ u »- 


w u 

y5 Ui 

u "'S 

a_ 
c 2 
o n 

(J 


re p c 
•j 2 2 

^ ! I 

c ‘~ 


c 

-D 

£ 


TJ ■ 

< 


O , 

■ *o . 


O (/) ~ 

£ ‘S 3, 
H rf -o 


P-* W) c - 

<t c ^ 

Jr ’35 *35 t/; 

Q = « » = 

,.-| g s-B 

= re| 

1 ^ o .£ u t/t 

■ui t ^ o •= 
ui -p 1 p ° 

. re 5 JS 

a t5 a o'f 

tita 

1 <r O C "*" ■ O 


CJj 1 


S O g x; 
“ O -c 2 

oJ3 4; 

p* C D 

«“Si’ 

S -c 4= rt ■ 
S p ^ £ • 

(j O 1/3 

1 ) 3 y 

<= "g g 5 

P l/> 

- 1 m 


JS 


a re “ 

o jz y ' 


o j 

£ i . -u 


O _c 


o .2 
o S 


c ^ 
c H 


.t: t 2 
w ^ t 


3 

cr . 


4> ; 

u a' 

c. u 

O o 


^ to . ; 

C 4J - 
ZZ —, v- 

Si I 

° o 


rr CJ 

P o 

^ ct 




_. « ob-r 
•; S-c 

re S % 

Ifi 


S..2 y S 3 3 . » 


c. ~ 

3 p 


ct o 

5 .£ 


-S S ^ 

s 

9^0. 

i l§ 

Ct c 


'== , it 8 ..S 


£ -c 

b ^ ' 

a • , 


two o 

c c 

a 0 

4J >. 


rp 
’5 1 
cr 


-C ,4; 

O 


j2 C ~Z 


ct 

E 3 £ 


O c 
a *3 
- c 


4> o 133 twO _ 


U 4> 

£ T) 




o , 
5e 

"C . 
c 
« . 


>< o 


o c o . 


2 . 2 


r, txc 
C 


“S r- 
' ■= .• “ 
^'2 


2 l- = 


bfl rt 

*= XI 


— 5l c ' 


> 9 ^ 

p *5 
« o 


a 


in ■— 1 


o «S • 

It 

5 ^ 
o > 
c 

O 73 

. . o 

O P 

C tf) 


» S s 

3 Uj .13 


t/5 


~ X ^ 

•s I '8 

Hi; 


St. 

o 

H 

O 

-< 


£ 9 .2 x 


<u 

C ct 

-C c 




JJ • — 
ft 

'*2 


S !- s 


o 

n 

s 

5 

w 

X 

Q 

K 

< 

Sc; 

w 

o 

o 

»5 

Q 

>< 

X 


-9 p 
o 9 


3 £ 

cr w 

C x 

o 2 

*- u 

hr- P 


u u; 

ta 

c ~ 

IJ: 

x « 


S-£^ 

C o- 

CJ -C JW 

_C o 

!! £ o 

J3 .£ 5 
■5 u . 

£ 

X u O 
O ct 

o U5 « 

C ^ « - 

-* ct 


C o 


2 g 

~ u 

£ o 

o 


c x 
£> 

c - 3 

ct ft 
H re: 


8 .' 


£ ^ 

o 


C CT 

4> X 

> b£ 

o c 


3 “ 


'oE^ 


^•5 3 
r 2 

S E< • 2 . 

^ o y ; 

» c -c 
o c - ■ 

1 v- _ 3 • 
I X t> O* 

tx 

c 


^ o w X 


gift i; 


T ft 

£ |1 


X .5 C O 


.is 


; Si 

1 x 


3 O 

.S’ _ s : 

*0 00 
eft 


Li 


& - 2 . 

'o°o 8 - 


O C 


2 gi 

W3 K - 

u c 

^ n 0 
^ ^ ■ 


£ £ 
° ^ 
° *X 
- *0 ■ 
, -c A 
' ’5 c 

; cr ?: 

' *x c 


X c 

3 £ 

Jt C C 

ft -c 

> ‘3 . 

« CT' 

tjj'X 

3 . ^ 


■J Ss .,2 C I 


o 'X 

■— O 


CX Ct Sf ■ 

c p 


3 P 


' £/} 


5f i 


^ P 
o 

W5 3 

0 X 

U +- 

1 ° 

? ft 

£.•5 • 


- 2^=5 *, rt S 

Su.-O.io 0 

? JJ ° 3 '« V 

k u 3 w y 

£ O +-* ^ Jt ' 

tx^.iz^ 5 - 
.£ O « 9 4, o • 


; °. 

; x • 



X . 


c l ° ■ - . 

XX ,. w 

o ^ v ,b o o 

ct g .- 

rr X 


ll ° 

s-' ;:.?I ip Lit II 5 !l 

= 52^3/Jf s o-E25 S 2^ 
re^ o= “^u J « - 5 o u-S"5-o b 

^^‘“ :D '-.a L So>- 5 T 3 o-o aJ " 0 cO 

i 5 -o .29-0^15^2^ 

X ^ o 


§ 2 , 


2 £ 


» X — 2 “ i: s ■ 
re <« o ° jc 


n ' O j 3 

-3 o -2 c a 

- o — 

£f > 
<55 


- - _ „ O S-l 

OtX-^C-^OctX 




9 * ' 


Ct O £ g 
CX a o 

3 x ,r -< .!2 
•r •- cs 

O .9 


!§1ltp-5 =-2| « 5 s = 

, -3 c 3 y CJ 


3 5 « ^ £ 

x p £ 9 2 


8 . S 


<y o 


|-|Q o 


° & E 


I U = : 

o CT 
C 1/_ < X . ! 


a 3 5 1 i' w c > 


- o 

OJ (-** 


ct 


tx .£ 
3 ct 


ct cr , 

u x 


x p c c 

- _ 2 re 5 -2 


3 ^ 
o u 

X V 


- <y a 

u 
O 


ft '3 


“ 1 « " * O f 

>,« — £ E o£ 2~'°- : 2 

^ O“i'o>re t ' : u30-c' 

“h C-S 

U — Q 9 flj y 




ct . 


2 2 g o . 


- o O > 

s E u O * 

ifo.hrP — 

ct C ct +j t— 


ct 


ct 


5 2 


S cj 

’35 x 

£ 1 


^ W l. Uit v 

5 s 2 X 9 2 

o w ct f-* o 

° -s 2 •-. 3 E 


x w w •y X 

2 3 x x t; -tc 

c 3 tx £ •- — < 

V- o *C -3 -f 'C 
y p 3 : o 

ct 


o< 

o 

H 

o 

rt 


O' 

si 

o ft 


, . cuj ■ 

g 2 


X X 
^ * 


•< 

o 


« 

w 


S 3 


T : 

tx ■ 

ft 

o J 

o 1 

U ! 

3 ; 
ft 

9 

» £ 

L ^ 

j 9 

:p 


» 3 

: >>« 
■M 

O X QJ 

" 2 2 

o’i . 

\ & " 

St >% «t 


JHT ••»* tac"fn' ! • ' 

~ E 3 a g 

” « 2h 8 


ct 




H-'i'S-l- 

c *" re 

!°os 

0 3 ^ x 
^ H u 


^ SL - “8 fe 


• «x 2 ‘ 
o § £ 

O .O* o . 


x 


'll 

tJ x 
•r a 


X 

s 

o 

u 

>-] 

K 

o 


g._ .-9 S 2 

3 ct a y 

§ | 
w o y -O 
y c « 

S 2 2 ^ 
‘ -- -S E S 

x > 3" 5 X 

3 > C ft w 
O — O 


X ^3 

111 E 

o r> y 

— £ y x 
X -3 X 


X ' 
o 


■ 0 12 
i *5 o 


c 9 ' 


> 

£ c 

o £ 


c “o 
.£ y y 
x 1 — 
x d ^ 




y y c 
3 X , 


y 


x, p a 


3 

u 


i-'-M O 

1 1 .5 
: o 


v •= 2 

x 2 2 

= v9 S' 


“•So ^ H 

■3* X „ 3 q 
< 1 / _ u 
"* X y 

tx — 
w . 33 

rr 3 O 


y 


ct 

'SP “ 

X ^ 

'5 y 


u £ j 

i jj : 

*g J. 


x -*- 1 x — 
X ^ C4 .3 


O 50 


3 


.3 X 

ct y 
3 

5 
o 


, o 


8 2 

o ’35 


y 


i22-a 


a- 

c3 y 

O.S 


o ^ 
y 3 
y O 


x — 

5 


£ X 3 
3 *- 5X 


3 

II 

<1 


3 x 


X 


+ 


t£ ' 

:'.h 


X X 

x" ^ _ 

X 3. "ft .2 

^ ^ 3 a > 

o 2 “ £ § 

II £ "Hi 

£ 

r — u ^ c 


c 73 . 

W c 00 
re 5 
.9 7 




8 c - ^ 2 3 

re 3 .a 5 re 9 

& U o £ •; ° h 

3 y m 9 *S = 

y i X y X X ^ y 

x^o’x | E c^x 

^"oiu^yftjt 

3 o u *" h r- '? 
3X^-3 C.S H O ^ 


' tx y y ± 

y 3 X X -* 

«> ’u r* w £ ' 

_ o .i-2 

£ to © ^9 c 

X 3 a» . 


■ 3 a, 


St 
b *0 

c 

■ o 


u 3 

-2 x 


o > 


: U 


x C 3 u -• 

x 7 . — .3 
y 10 ^ co 

& re n " =■ 
-CT -2 ^ re ji 


. X 

' 1/1 » to r r~ 

; C ^ i CO r- — . = 
^ - -ft. ct 

- C u 

■^-jre o 


a-s«^ 

— 3 u >» t: - 

o — 9 y -2 
9 d ■£ > 3 

~ s 9 y .H • 
= y *> u v 

•— F ^ _ rt 
o = - 2 a 

O' C 1? 3 

^ o 9 o 


o x y 


3 

% , 
y 

a*- 


o 

H 

O 

< 

(*4 


£ S' 

y X 

.5 o ' 


1/1 ffl r 

3 0 3, 

*5 Ov 

ill? 

-rtf-.. 


ft U X 
y p ' 3 


3 


, a . £T w • 


r 2 « « 0 J w H '5b “3 8 ^ ~ c 5 1 1 Si S 

£■ = 1 2 i J > , 2 £ r ^ = re .£ = 

ig f 92"' l2 ra-“^S22 S 

rife'— ” ^ t (fl - W w > *- 

^t-Pyiry^os • Oywy-j^^ 

^ _ > 9 — 5 t r “ P 3 7 u x 3 — y <u 

■jrtx-Hdi 3 -3 - y a y -£. 5 c 34 

-3*-.-3c , - c *-, x 33 ^'x’' Gc5t: 
3 i/. 3 .3 yresixcoli XctP.J2 


X x 

H 2 
. o 
y 9 
.2 ~~ 
w- 2 

o c v 
y u 


x rs 

X 9 ’ 

ct X ■ 


X -3 X 


7* >> f >, 
.3 o — ox 
ct g x x 

x £ ^ txf9 
O y 3 C 


x u) y 
3 a 
a<= «. 

2' y 
X u x 
3 3 
<-> x y 

3* X u 

^99 
■o a-o 

o U ^-S 

03 ^ 

G 


: x g 5 S x 

: ° £ J s s 

1 o 9-7 g '“ 

3 H 

y w rsi 

5 .§ | 


c \£ s> 


9 „ 

O o «> 
“"Up 


; .. y X 
• 3?X 


’3 3 


= fe x ir 

u X c E 

rs O t 9 1 


_ o 
2 -o 

3 3 

*’&x £ 

p y y x 
x E ^ u ^ 

ct £ - o 

— c y 
=3 u 

9 3 

W X 3 


y 


S' 


ct 


u a 

o 1 

,o *3 
ro P 

I 3 


ai £ .= 

-5 U -r 


i u 


3 3 w 

^ 7 : y' 

3 jz Z 
ta- 
ct 


o •- 
y 

y x 


c 

0 c 3 y 

1 re 

3 x .9 > . 
o3 >r ^ p 
fc£ ^ x 9 


tx 
3 X 
x ■*-> 



58 “PUCLLESS REDUCT* USES HttCTOON TO 
HEAT AVDtAQC SIZS HOME PM “50* A DAY** 


hydraulic ail 

iata kw pewtely p a 
“ftxeOem fwrnwca". 
Tba ail. coswhiwad 
with tha tpi*abi| 
•dm af twa 
cybadan. 
wppowadly craalaa 
frictlow »hkh. in 
tar*, pradwcaa tha 
haat ‘TWfaa a haak 
law wf pkraica — a 
cmmplata Lu." aay 
skaptlcr Prototypa 
litowa balaw haa 
haca uaad la 
provide 

BjpplaoMatal heal 
in rraaoatla't 
1 Zroowi hoaaa. 
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How about th < — « foe I leu furnnea 
that uhi J? etion inslaad of foal to 
heal an < ore home "for only 

Si s to $16 • month ". What's more. It 
reportedly Mill sell lor less than half 
the cod of a convantlonel oil or gee 
furnace 

.Sound too good to be true? 

Youbet ‘ sav lome observers who 
claim (hr whole thing's • hoax — that 
it dtfies • basic law of physics. But 
others including t host of small 
manufacturers and distributors hare 
lumped at the chance to get In on the . 
ground floor of a "breakthrough" de- 
velopment they (aal can help solve 
the energv crisis They have invested 
in franchises and hope to be taking 
orders lot Eugene frenelte's fualleta 
furnace early next year 

H all started during the winter of 
1977-7* It was rusting Frenctte. 
fslher of 12 children — 10 of whom 
ate still at nome — a whopping 12 10 
a month ir tuv fuel ml In heat his /tuUp,-^ - 
huge olo un-nsulated 12 room / |.,hnvli.n 

IMIsbu.-y mansion' in London- I SpiNial 1 .*- 
-deirv Kew Hampshire He launched \ iiliml I v 
a i rash program to perfect his Inven- \ s.,i,ik!,v I. 
lion —a simple but unorthruiox 'fuel- Klav »• *n. 
levs' (urn >i r .vhit.h he msuii.iinv will 

jtiti lv l.t 01 jn usi-fugi xi/r linini' 

inr unl\ to i enls a dav and whir h he 
f i i*l s ran or retailed fur Seuil to 
Mill 


•thutwfi Art** 


Krcnettt ioit»ll*d hU prototype 
fridKMi in • lO-ywoH «n*h- 

tng m^cbinr If* m«d« up of two 
cylinders spinning in opposite direc- 
tions Th«rr is • dinner of V% in 
tx.tu »^n the tv\ o cylinders which ore 
k r. * qu«rt of light motor 
ml Spn.n>nc Action of the cylinders 
dnd rr^ulti*'* fnrtion produces (H« 

hral «crordir.2 lu KreiwMe 
He cUims fr*.Khtsed models will 
l «* aidoilr «• don't rvquirv any 

» hunnt furl ii bunded and 

there ,n -.0 iume soot nr odorl <nd 
«re ait «ju • : a* a ’rlrigrttflor All mod- 
els ill t*iu *r» > i regular 1 10 volt 
nut let and n :)! <n f upy net more ipuir 
than 4 u .I'T.ns machine nr dryer. lv 
'imaleu ■v.a-f4f.n l * rmt In heat an *\ 
ei4gt* ti/r ueli intuUled home v$ iih 
,1 2ti0i>uti biu fnclkon “centric'* Koftt- 
vt in ngV 4' $ ; 5 a month (lot elec- 


his a I \ If 
, On. ■ 


*• ‘h<‘ motor) 
itNt *-u( t chsfu! ptu 
ft ; 1 1 Au mi hi by Mas 
’ »f lohiiNtisn A Nh-ltfl 

I ration It m 4 111 

« k. •* |*i 1 « 4 1 at lit m 
* Jlyx I* * ll»«* NePVS 

II -d h\ the ov\ net of 
tin- 1 n ut til f i.nieti e” frainchises for 
AU*k-i «:*d h» ntin kv In 1 11 1 1 Id a pro- 
lull p*- i wllun ing Iiumc rlfslgn spur s 
MipplM ilhi I r. II, 11. Inhnslnn built a 


protutv p* which, is his words, 
"nash- a belwvsr cast of a lot of skep- 
tica srtuaf Set*. Ifsrliadiwg me It 
ccwJ dv. jt StUi to Imild, tmJudlng 
•fxMit *0 hours of labor Now tel 
«e>t balh owe. ws coeld hwild 
•w*h« im a lot Ima thwa We reii- 
waled Its output at botweasi 100 POO 
•wd 150 POO biu'a. Tha fridloo nose 
Kwiwcad wo odor, atada wo mate 
woma thaw you'd §at with a fwrsecr 
■ 0 * 0, • w* had ao ribcaUae or 
trthw profile ms with the rotsUag cir- 
cular drums which create tha frtdsoo 
haat." Max told FARM SHOW. 

Acoardlog to Larry Niciereoo. 
Frewatta’a soa ln-Uw. all fraachtxes 
txcipt Washington. DC. tad 
Hawaii, have baen sold Sonse ladi- 
vtdwals bought up 1 oe 4 atatsa r ~j 
>4 • ksa (mochiae. bated ost popola- 
Ik*. wm I2.SOO caah. plus ao addl- 
tlooal down paysnasst payable on a- 
milafathty of the fir* approved mivta 
and a raosaining balance spreed out 
over 20 years The Iowa franchise, 
lor vks tuple was priced et *141.000 
Of that. *2.100 was payable im- 
mediately to bold the franchise, with 
*36.210 payable upon availability of 
Fraowatta-approvad * cures foe sale. 
The balance (t 100 710). plus iataraat 
is payable over 20 years In monthly 
futsliaianls. 

"I bought two slates and others 
from this area bought up many uf tha 
oiher stale franchisee during tha 
short time they were available " 
Harold Schwelst of Sharbarn. 
Minn told FARM SHOW Schwabs 
ha* hired a Firm to pro Jure a working 
| model which was rompleted and 
raadv for testing just as this issua 
went to press 

Frenette cause up with tha idea 
but doesn't hair manufacturing or 
marketing expertise ' explains 
Schiwivs Indn wiual franchise hold- 
er* art taking the patented ides to 
local minuln tureri to gel a .-.urking 
model These models, subiert to 
f rrnette's approval will then be pro- 
duced and sold u hi’n they vr met the 
usual batten ol tests Eventually, the 
!»-*■ features nf 'hesr pniiotipe* s» ill 
!>■ i umbined into production models 
who.*! '.v ill hr essmlialiv the v*me 
hui i, .lured tn a nunile-r of diffrr- 
•■iit nianufai lure's " S, Inveiss ex- 
plains 
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2. lotary Mechanical Heating Device. 

Kor« tKan one of these units have been built. There are 
several ways to build a simple working model. The rotor and 
atat ionary parts hava tha same geometry. This way ba a coca, 
cylinder, or cup shapa. Start with a snail nodal using two 
tin cans. Tha ana that fits ins Ida tha othar should hava about 
a 1/8 U claaranca around tha sidas and 1/4" batwaan tha insida 
of both bottoms. Usa a variabla spead motor or pullay to turn 
tha insida can. Ona snail unit was built that producad about 
110* F in a 60° F room. A high tanparatura oil or othar liquid 
is pourad into tha outar can. Tha diamatar of tha outar can 
was not mors than 3 or 4 lnchas . 

Anothar unit was built with about a 30 inch diamatar cup 
shapa rotor. It usad about a 1/2 or 3/4 horsapowar motor. Tha 
cup doas not hava to rotata at a high spaad. Tha tanparatura 
can easily reach 200° F or 300° F. This device haatad a 16 room 
mansion for around $30.00 par month. It was mads into a furnace 
type unit. Tha cost reduced by about a factor of tan. 

Tha liquid molecules are sat into greater motion due to tha 
rolling friction batwaan tha stationary and rotating cups. At 
the outermost diamatar tha molecular motion is tha greatest and 
slowly decreases toward tha bottom. A good' steal or othar matarl 
should ba usqfj to conduct tha heat. A mechanical resonance can 
also occur in jthe liquid at tha right thermal vibration. This 
will intensify, tha heating action. Othar constructions will 
produce cavitation and shock waves. Tha geometry has a lot to 
to do with its overall performance. Keep It simple in design. 
Operate at vary slow spaad. 


A sample drawing is included for a basic modal 
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B C Communications Inc. 



PENNY STOCK COMPANY, BACKED BY **HITK" , ACHIEVES OUTPUT vs. INPUT OF 3 x 1+! "OVER-UNITY!" 


KINETIC SYSTEMS, INC., 742 owned subsidiary of B C COMMUNICATIONS, INC., under 
10* per share in the "pink sheets", has achieved outputs of heat and energy equivalents 
in testing at various laboratories and its own testing at the assembly plant near Atlanta 
of 3002 to 400X of input. 

The simplest description of the patented technology is that it embodies a closed 
chamber, forced hot air, liquid heating system (i.e. a heating system in which a rotor 
is rotated within a body of liquid within a chamber so as to heat the liquid by friction 
and with the liquid thereafter being conveyed to an external heat exchanger and then 
returned to the liquid heater through a circulation system). 

However, the system’s ability to generate heat is merely an indication that it can 
produce energy and power of almost any conventional type. Therefore, the technology could 
be adaptable to produce pure heating, electricity, steam pressure, refrigeration and 
vehicular motion. The inherent disposition of the technology results not only in a 
dramatic amplification of energy derived, but also in products which are non-polluting, 
non-explosive and relatively portable. 

NUMEROUS PATENTS GRANTED BY U.S. - PENDING MANY COUNTRIES - ENERGY AMPLIFICATION! 

The United States has granted many patents, which are also pending in major countries, 
with further applications expected to be granted. Present patent numbers include: 

4,424,797; 4,483,277; 4,501,231 and 4,651,681 (the la6t on March 24, 1987). 

The patents make no claim to observable energy amplification. Such a claim is not 
needed to substantiate the patentability of the technology. However, this feature 
comprises the breakthrough element of the technology and promises to revolutionize 
many industries for the forseeable future. 

While undergoing tests pursuant to nationally recognized test procedures set forth 
by the American Society of Heating, Refrigeration and Air Conditioning Engineers (ASHRAE) 
an independent testing lab based in Atlanta has determined that the company's prototypes 
generate a Coefficient of Performance ("COP”) consistently in excess of three to one. 

The "COP" measures the heat or energy output divided by the total energy input. 

The significance of a minimum "COP" of three to one is simply that the technology 
as configured in the working prototype generated more than three times the energy used 
to run the machine. This contradicts certain previously taught physics folk lore. 

The testing laboratory was astounded, to say the least. 

Certain preliminary tests on the heating system were commissioned by inventor Eugene 
Perkins in Sept. -Oct. of 1983 and were conducted by a firm known as Air Techniques, Inc. 
of Marietta, Georgia. The firm concluded that such heating system does "apparently produce 
more energy than it consumes, this statement being valid even after allowing for the 
possibility of a significant margin of error...". They concluded the testing results 
warranted continued development research testing of such system. 

The explanation of the results obtained, as yet unproven, is that the particular 
configuration of the rotating cylindrical members causes a molecular structure realignment 
in the liquid medium due to the type of shear forces imparted. These forces are amplified 
(jyg to the phenomenon of Bernoulli's principle of fluid motion taking place between the 

rotating and stationary parts. 

Bernoulli's principle is the same phenomenon which describes the amplified lift over 
an airplane wing by fluid air rushing over the top of the wing. As a consequence of the 
molecular realignment, internal energy is generated within the fluid medium (water inthe 
case of the prototype heater) by virtue of the relatively minor amount of external energy 
used to operate the mechanism's pump and fan. This can be conceptually viewed as inducing 
a non-atomic internal reaction which generates excess heat or energy. 

When operated as a residential space heater, the water temperature can reach the 
operating level of 300 degrees F (superheated) in as little as ninety seconds from an 
ambient room temperature. When operating in a conventional duty cycle mode, the heating 
chamber is designed to yield an effective COP of eight to one. What are the prospective 
savings? An electric monthly heating bill of $400 in suburban New York should be reduced 
to as little as $60 or less. Besides heating unlimited other applications beckon* 



... CONTINUED ... B C COMMUNICATIONS subsidiary, KINETIC SYSTEMS, achieves "OVER-UNITY” .fil 

HOT WATER ... The production of hot water heating using KSI technology is expected to 
be a natural application. All that is required is a direct connection from the heating 
chamber to the water heating element. 

STEAM HEATING AND POWER . . . The internal function produces superheated water which, 
in turn, can be used to create steam. 

AIR CONDITIONING AND REFRIGERATION ... In this application, a medium containing a 
very low boiling point 6uch as freon can be employed in an adiabatic cycle along 
conventional means. However, the compressor unit, when employing the KSI technology is 
expected to operate much more efficiently when so powered. 

GENERATION OF' ELECTRICITY . . . With a COP of greater than three to one, electrical 
power may be ''multiplied" by adapting the heat generated in the KSI device to operate a 
turbine or similar device to generate rotational motion which can drive a stator, 
rotor or armature. 

VEHICULAR TRANSPORTATION ... The same principles which could be applied to rotate a 
turbine may be applied to rotate a crankshaft or propeller. In the case of an automobile 
for example, the KSI technology could use battery power to drive the pump and fan. A 
liquid medium with a very low melting point could be used to operate in cold climates. 

The battery drain would be minor. Rechargeable batteries could be used or recharged by 
by device configuration. Self-contained and self-sufficient continuously running power 
systems can be designed to run trucks, trains, ships and planes, eliminating the use 
of fossil fuel and attendant environmental and political pollution. 

MANAGEMENT, FINANCES AND OUTSTANDING SHARES: Company officers are from HITK CORP, and 
related companies, •'HITK” is on National OTC list, with 24 million assets as of fiscal 
end at 2/28/87, earning $1.29 per share. B C COMMUNICATIONS, INC, has outstanding warrants 
that could yield over $300,000 to implement licensing/royalty business plan, which 
projects possible earnings of 250 million annually at end of fifth year. 

B C COMMUNICATIONS owns about 742 of KINETIC SYSTEMS, INC., balance private. 

As of 3/31/87 B C had cash of $373M, total assets of $511M, liabilities of $78M and 
stockholder equity of $413M. Outstanding shares were 337,123,200, maximum public float, 
assuming all warrants are converted, will be 75 million shares. Many market makers. 
TRANSTRAK, INC., pink sheets, owns 30 million restricted B C shares, received for its 
interest in KINETIC SYSTEMS, INC., giving TRANSTRAK about 9 X of B C COMMUNICATIONS, INC 

Company address: 777 Summer St., Stamford, CT 06901. Contact: Maureen Dailey at 
(203) 323-7773. Brokers very familiar with company are at Mary Martin Office of MARSHALL 
D AVIS, INC., 110 Providence Road, Charlotte, N.C. 28207. Phone 1/800/225-6935, in NC at 
(704) 338-9661. Mary Martin, supervising principal of this MARSHALL DAVIS INC, office, 
attended the International Congress of Gravity Field Energy (report on request) and has 
observed both the KINETIC and TRANSTRAK devices, has met and is in touch with both the 
inventors/designers of both the KINETIC and TRANSTRAK devices for late news... / JVH 

/£ . 

The "kinetic" power use / power generating system was successfully shown in Europe. 

Present at the week-long showing were: • various industrial company represenatives, 
representatives of two universities, a representative of the German government and 
a leading European physicist, plus others. 

Since returning from Europe the Kinetic Systems group have been in communication 
with the European group regarding licensing of the devices for manufacture in 
Eyrope ... first potentials Appear to be space and water heaters. 

B C COMMUNICATIONS "KINETIC" division has been engaged in a series of tests in 
noted United States laboratories. Results expected to be announced by the end of 
September, if not before. All tests highly satisfactory thus far. 

Various negotiations are said to be in progress in the United States with very large 
companies. While I have not been able to learn the names of these companies it is 
believed they are among the FORTUNE 500 group. JVH/ 
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[57] ABSTRACT 

A furnace or space heater is operable at low cost by a 
small electric motor which rotates an elongated cylin- 
drical drum on a vertical axis, within an elongated cy- 
lindrical casing at a clearance of about one eighth of an 
inch in the annular chamber formed therebetween. A 
supply of light lubricant normally occupies the lower 
portion of the annular chamber but rises to fill the 
chamber during rotation of the drum. The casing is 
enclosed in a housing, having a fan chamber containing 
an electric motor and fan or blower. The motor shaft 
may rotate both the fan and the drum. 

8 Claims, 3 Drawing Figures 
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FRICTION HEAT SPACE HEATER 
B '\CKGROUND OF THE INVENTION 

It has heretofore been proposed in U.S. Pat. No. 5 
1,650,612 to Deniston of Nov. 29, 1927 to rotate a stack 
of discs relative to a coaxial stack of fixed discs on a 
horizontal axis within a casing to generate frictional 
heat in hot water flowing through the lower portion of 
the casing In this heating device a supply of oil is con- 10 
tained in the upper portion of the casing to lubricate the 
discs and to float on the water at a predetermined level. 

In U.S. Pat. No. 3,333,771 to Graham of Aug. 1, 1967, 
a pair of vaned rotors are each enclosed within a cham- 
ber of a casing, and mounted to rotate in a vertical plane 13 
on a horizontal axis as depicted in FIG. 7 thereof. As in 
the Deniston patent water flows through the device and 
is heated by friction. 

In U S Pat No 4,004,553 to Stenstrom of Jan. 25, 
1977 a single disc like rotor is revolved on a horizontal 20 
axis in a vertical plane, within a casing to heat water 
passing through the device. 

SUMMARY OF THE INVENTION 

Unlike the above mentioned patents wherein thin 25 
discs or vanes, in single or stack configuration, comprise 
the rotor, in (his invention an elongated, cylindrical 
smooth surfaced, inner drum is the rotor. The drum is 
rotatec in a horizontal plane on a vertical axis within an 
elongated cylindrical, smooth surfaced casing, or outer 30 
drum, tc form an annular sealed, liquid, chamber there- 
between having a clearance of about one eighth of an 
inch A quart of relatively light oil is captive in the 
annular chamber and at rest occupies only the bottom 
thereof. However upon rotation of the drum, by an 35 
electric motor of about one horse power, the oil rises to 
fill the chamber due to the pumping action of the drum. 

Thus friction heal is generated not by two metal, or 
other, surfaces contacting each other, but by the 
contact of the opposing surfaces with the oil which not 40 
only lubricates but generates heat. 

A portable space heater is formed by enclosing the 
casing and drum in the lower chamber of a housing and 
drawing ambient air inwardly and around the heated 
outer surface of the casing for fan discharge back into 45 
the ambient atmosphere by a large diameter, eight 
bladed fan driven by the drum motor, or preferably by 
a separate motor. For use as a furnace an air blower and 
separate electric motor blow ambient air around the 
casing for discharge into a heating system. 50 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 is a front elevational view of the portable 
space heater of the invention, in half section; 

FIG 2 is a top plan view in section on line 2 — 2 of 55 
FIG 1, and 

Flo. 3 is a view- similar to FIG. 1 of the device of the 
invention in its preferred form. 

DESCRIPTION OF A PREFERRED M 

EMBODIMENT 

FIGS 1 and 2 illustrate one embodiment of the fric- 
tion heat heater 20 of the invention which includes an 
upstanding, hollow, cylindrical housing 21 formed of 
imperforate sheet metal 22 and having legs 23 for sup- 65 
porting it on a floor 24 of a building The space heater 
20 is portaoie and in the por«»M* er'b^'Iiment illus- 
trated in FIGS. 1 and 2 the housing 21 is of predeter- 


2 65 

mined diameter of about twelve inches and of predeter- 
mined height of about thirty-two inches. 

Fixed within housing 21 by suitable brackets 25 and 
26 is a hollow cylindrical casing, or outer drum, 27 
which is of predetermined diameter less than the diame- 
ter of the housing, such as ten inches, and is formed of 
aluminum sheeting 28 for efficient transfer of heat. The 
cylindrical side wall 29, top wall 31 and bottom wall 32 
of casing 27 are imperforate to form a sealed enclosure 
except for the filler tube 33, which is closed by a remov- 
able threaded cap 34. 

The casing 27 divides housing 21 into the lower air 
heating chamber 35, which it occupies and an upper fan 
chamber 36, there being an annular air chamber 37 
formed between the cylindrical side wall 29 of the cas- 
ing and the coaxial, concentric cylindrical side wall 38 
of the housing 21. 

Air inlet means 39 is provided in the lower portion of 
the housing 21 in the form of spaced apertures 41 ex- 
tending around the cylindrical side wall 38 and air out- 
let means 42 is provided in the top 43 of the housing in 
the form of apertures 44. The annular air chamber 37 
connects the air inlet means to the air outlet means of 
the fan chamber 36. 

A reversible electric motor 45 is mounted in the fan 
chamber 36 with an eight bladed fan 46 fast on one end 
47 of the motor shaft 48, each blade being of about 25* 
pitch and the motor being about one horse power for 
rotating the shaft 48 at between 1800-3600 R.P.M. 

The other end 49 of motor shaft 48 extends into the 
air heating chamber 35 to rotate the hollow, cylindrical 
drum 51 which is supported in suitable bearings 52 for 
rotating around the central, vertical axis of the casing 27 
and housing 21. 

The inner drum 51 is sealed and hollow and includes 
the top wall 53, bottom wall 54 and cylindrical side wall 
55, the walls being of stainless steel. The exterior cylin- 
drical surface 56 of the cylindrical side wall 55 is 
smooth as is the interior, cylindrical surface 57 of the 
aluminum of the cylindrical side wall 29 of casing 27 
and the surfaces 56 and 57 are at about one eight inch 
clearance from each other to form a narrow, annular 
liquid receptacle 58 therebetween. 

It should be noted that the annular liquid receptacle 
58 is not a passage through which liquid to be heated is 
continually flowed, as in the above mentioned prior art 
patents. Instead it is a sealed chamber and is provided 
with a supply of liquid lubricant 59 such as a quart of 
No. 10 oil which normally rests in the horizontal space, 
or shallow liquid receptacle 61 between the bottom wall 
54 of the drum 51 and the bottom wall 32 of the casing 
27. 

It has been found that the best results are obtained 
when the lubricant 59 is Quaker Slate F-L-M-A-T 
Fluid, Ford Motor Company Qualifications No. 2P- 
670306 M 2633F. Unlike prior patents, no water is in 
contact with the oil. 

The motor 45 is connected to a thermostat 62, of any 
well known type by cord 63 and to a source of electric- 
ity by male plug 64 so that it is energized unde; the 
control of ambient temperature by the signals of the 
thermostat. 

In operation the motor 45 drives the drum 51 at a 
substantial speed, which causes the oil 59 to rise up into 
the annular liqud receptacle 58 to substantially fill the 
same The heat of friction between the inner drum 51 
and outer drum, or casing 27 is transferred by the oil 
while it prevents wear on the surfaces 56 and 57 so that 
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ihc exterior aluminum surrace 65 of the fixed outer 
drum 27 becomes heated- Meanwhile the large diame- 
ter, multibladed fan 46 is drawing ambient air through 
the air inlet means 39, thence up through the annular air 
chamber 37 and past the elongated heated surface 65 for 
discharge through the air outlet means 42 back into the 
room. 

As shown in FIG, 3, it is preferable to provide a 
separate electric motor 70, usually about i H.P. and 
driving an air blower 71, these being mounted in a 
lower air chamber 72 for driving ambient air upwardly 
in an annular flow path in chamber 37 from the air inlet 
means 73 to the air outlet means 74. Air outlet means is 
the intake duct 75 of a hot air heating system 76 so that 
the heater 20 becomes a furnace rather than a space 
heater, the separate electric motor 70 enables the ther- 
mostat 62 to initiate rotation of the drum until a prede- 
termined temperature is reached in the aluminum outer 
drum 27, whereupon the thermostat automatically de- 
energizes the drum motor 45 while continuing to rotate 
the separate fan, or flower motor such as 70, to furnish 
hot air to the room or heating system 76 until the casing 
27 cools to a predetermined temperature. 

I claim: 

1. An odor-less, combustion-less, quiet beater com- 
prising: 

an inner, elongated, upstanding, hollow drum jour- 
nalled within an outer, elongated, upstanding, hol- 
low drum journalled within an outer, elongated 
upstanding drum to rotate in a horizontal plane on 
a vertical axis; 

said inner drum having an outer, circumferential face 
spaced from ifoe inner circumferential face of said 
outer drum by a fixed clearance of about one eighth 
of an inch to define an annular liquid receptacle 
therewith; 

said inner drum having a lower diametrical face 
spaced from the lower diametrical face of said 
outer drum to define a shallow liquid receptacle 
therewith; 

a supply of oil normally occupying only said shallow 
liquid receptacle but adapted to be raised upwardly 
into said annular liquid receptacle when said inner 
drum is rotated on said vertical axis at substantial 
speed; 

and electric motor means for rotating said inner drum 
on said vertical axis within said outer drum to heat 
said oil and transfer heat to the outer face of said 
outer drum 

2. A heater as specified in claim 1 wherein: 

said inner drum and said outer drum are both cylin- 
drical in configuration. 

3. A heater as specified in claim 1 wherein said inner 
drum is a sealed hollow cylinder and said outer drum is 
a sealed hollow cylinder except for an oil conduit con- 


necting said annular liquid receptacle and said shallow 
liquid receptacle to outside said outer drum. 

4. A heater as specified in claim 1 plus: 
housing means extending around said outer drum, 
5 including an air inlet and an air outlet and 

an electric motor operated fan within said housing for 
drawing air into said inlet, circulating said air 
around said outer drum and blowing air out of said 
outlet. 

10 5. An odor-less, flameless, noiseless, heater compris- 

ing: 

an inner, cylindrical, sealed, hollow metal drum tele- 
scoped within an outer cylindrical, hollow, metal 
drum, 

IS said drums having upstanding cylindrical side walls 
spaced apart with a fixed clearance of about one 
eighth of an inch to form an annular, vertical, liq- 
uid, receptacle and having bottom walls spaced 
apart a predetermined distance to form a shallow, 
20 horizontal liquid receptacle 

an electric motor operably connected to one said 
drum to rotate the same on a vertical axis relative 
to the other at a substantial speed, and 
a supply of oil normally occupying only said shallow 
25 liquid receptacle but rising into said annular liquid 
receptacle, when one said drum is so rotated, to 
transfer frictional heat to said drums. 

6. A combination as specified in claim 5 wherein, 
said oil is a light oil and is normally in contact with 

30 both the bottom wall of said inner drum and the 
bottom wall of said outer drum. 

7. A combination as specified in claim 5 plus: 

a housing extending around said telescoped drums 
and 

35 electric motor operated fan means in said housing for 
drawing ambient air into said housing, around said 
drums and dischargeing it out of said housing. 

8. The method of generating heat in an odorless, 
flame-less noiseless manner by means of an outer, sta- 
tionary, member and an inner member, rotatably 
mounted within said outer member, there being a sup- 
ply of oil within said outer member, said method com- 
prising the steps of 

forming said members as hollow drums, one tele- 
scoped within the other, and both upstanding verti- 
cally so that the inner drum routes on a central 
vertical axis relative to the outer drum and so that 
there is a clearance space between drums of only 
about one eighth of an inch in width, 

50 limiting the supply of oil within said outer drum to a 
predetermined quantity so that it normally occu- 
pies only the bottom of the said clearance space 
and then rotating said inner drum at substantial speed 
within said outer drum to heat said oil, cause it to 
55 rise up into said clearance space and transfer heat 
to said outer drum. 

• • • • • 
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-P m to e .ot Mm Ktddes. at Dwt- 

but he is more then skeptical This to 

• OMiptoto hoax' be M y*. then m 
pering that statement mmMmi. 
Ejthe il'i * hou or ito parson's 4a 
Iwtod about what le i getting' 
"Kidder continues ‘You cmI gal 
*•»•**> out without putting energy «. 
He can't Make energy . be can only 
transform 

incensed a* a taxpayer if funds tear* 
approved lor derriopnenl of the fur- 
nace He concludes tbal lb* Machine 
as M has been described to him would 
produce heal equivalent to that of 2 
heir dryers " 

Meanwhile. Frenetic — a former 


Stove 

Requires No 

Since unveiling his invi-niion ic a 
I'K al newsp«;>er r rrm lie has had to 
schedule appointment* lor thr manv 
people who ha\ r vtcppi-d >n to set I 

Visitors haw included politicians, 
engineers, scientists lepresentatives i 
ot power companies represi-ntaiives 
from the Small Business Administra- 
tion heating specialists and dozens 
of parsons wanting to buy slate 
franchises to manufacture and mar- 
ket the new -sty If stove 

Frenetic says his stove has been 
called into question only bv those 
who have not seen it And those w ho 
havasaen it have not agreed on how it 
works. 


Fuel 


Physicists not only deem the claim 
untrue, they are inennaad that the 
so-called friction furnace is getting so 
much attention, according to a meant 
story in Naw Hampshire Profile* 
magazine by Robert Sullivan. The 
story offers the following opinions on 
Frenetic's fuelless furnace: 
"Professor William Moabarg of the 
University of Naw Hampshire asserts 
that any machina trying to boat a 
medium-sized home on 2 hp of 
energy ‘is against all basic laws of 
thermodynamics' Moeberg has not 
seen the machine, but says ‘of course 
I am skeptical' 


home builder who operated a highly 
su e ea se f ul asphalt business for It 
year* until 2 heart attacks forced him 
into early retirement — and his 
franchise holders along with a host 
of other supporters, remain un- 
daunted They envision producing 
upwards of 100 different models to 
lake care of a wide variety of heating 

needs — such as in small apartments, 
small homes, big houses, stores, 
shops, factories, and other buildings. 
There could even be models which 
would make it feesible to heal swim- 
ming pools, extending the season to 
12 months of the year with enclo- 
sures. Mys F rename 
You'll ha hearing mote about the 
controversial stove If and when pro- 
duction models become available 
M eanwhile, for mote details, contact: 
FARM SHOW Followup. Freoetle 
Furnace. Box 255. Deny. N.H 030M 
(ph MU 422-41111 
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NewsReal Series 


Super Steam Making Machine 
Eliminates Need for Boilers 


A technology is available that 
can effectively eliminate any 
need for using natural gas to 
heat water, homes or' industry. It is 
a machine that can solve many of the 
energy problems which became go glar- 
ingly apparent last winter. 

The device is a steam generating ma- 
chine invented by the late Karl Schaef- 
fer of Chicago. Schaeffer’s method of 
making super-heated steam is instanta- 
neous and will economically eliminate 
all need for huge boilers and direct use 
of fossil fuels. 

Schaeffer’s electrically powered 
steam machine also makes all the mil- 
lions of constantly burning pilot lights 
obsolete 


Among the more than 500 applica- 
tions for steam, the Schaeffer device can 
effectively heat a modem home with 20 
per cent less electricity than is now re- 
quired. 

This machine makes super-heated 
steam from running cold water instant- 
ly and without burning up a great deal 
of energy. 

Sounds impossible doesn’t it? 

Credibility has been one of the key 
problems faced by Sonaqua Inc., the 
small firm that is attempting to develop 
and license the late inventor’s life- 
time dream. 

Engineers instinctively draw a blank 
when confronted with the claims of the 
Sonaqua group. Schaeffer accomplished 


something different; something not 
found in the text books. 

Karl Schaeffer was 67 years old when 
this reporter first interviewed him an 
photographed his demonstration ir. 
1973. The story was not told sooner 
because Sonaqua Inc. wanted the pro- 
duct fully developed before publicizing 
what they had. 

The device is still not fully develop- 
ed, but the story needs telling and our 
nation needs this new form of energy. 

Karl Schaeffer found a way to har- 
ness some tremendous natural force 
which is inherent in molecules of water. 
There’s no other way to state his prin- 
ciple. 

“It all started for me when I was a) 



The unlikely looking aggregate of steel above is actually one of the greatest inventions to come along in the era of energy 
utilization. The device you see is a prototype of Karl Schaeffer's steam machine; it features a standard 20 horsepower electric 
motor (left) which drives a rotary assembly which shocks water into steam instantly - no boiler, no flame, no fossil fuels, 
no pilot light. Low cost steam heat is only one area of benefit. 




graduating student of a trade-technical 
school in Berlin. The year was 1924,” 
Schaeffer said in his thick German 
accent. 

“I was in the washroom and when 1 
turned off the water 1 heard the pipes 
knock,” he said, referring to what engi- 
neers call “water hammer,” a phenome- 
non in pipes that technology tries to eli- 
minate . 

“It was a loud knock and my mind 
suddenly said - there is energy in that 
water hammer! And from that moment 
on, 1 was hooked.” 

“Of course 1 wondered if there was 
a way to harness such an energy, and I 
began my life-long quest - well, it took 
me 50 years, but 1 have harnessed that 
energy and it can power the world. 

“My machine can actually run for- 
ever so long as water continues to flow 
into it. Unlimited steampower! Free 
energy! Think of it!” 

Kail Schaeffer was excused by his 
aides for “exaggeration.” “Exaggeration 
my foot,” Schaeffer bellowed. “1 know 
what 1 have seen!” 

The inventor had an unexplained 
engineering phenomenon occur four se- 
perate times during the years he was 
striving to perfect his device. He turned 
off the electric power to the motor, but 
the machine kept running until the 
water in the tank was gone. 

Enough power sprang from within 
his mechanism to continue pouring 
forth steam from cold water and turn all 
the mechanical apparatus as well -- with 
the power off! 

Those unexplained incidents led 
Schaeffer to make claims considered 


“wild” by others. But even if he was de- 
luded, which does not appear to be the 
case, his machine is by far the most 
efficient means of making steam ever 
devised by man. 

Karl Schaeffer did it the hard way - 
but after coming to America from his 
native Germany and devoting all his 
time and a considerable family fortune 
to his "mechanical obsession,” he final- 
ly harnessed that simple shock wave in 
water phenomenon. 

“It appears that this device actually 
makes use of two principles engineers 
try to eliminate - water hammer and 
cavitation,” noted Dr. Tom Hunter, 
former professor of Mechanical Engi- 
neering at Illinois Institute of Techno- 
logy when he watched a demonstra- 
tion of the Schaeffer machine. 

“The force in the water is always 
there - I have learned to use it, to in- 
tensify and use it,” Schaeffer said em- 
phatically. 

One expert in engineering, chemistry 
and physics while watching the Schaef- 
fer machine spin and spew forth steam 
said: 

“I believe he is releasing energy that 
is inherent in molecules of water and 
this puts us on the verge of a totally 
new concept of energy utilization.” 

Essentially it is apparent that the vib- 
rational and shock-wave nature of water 
can be used as a source of additional 
energy. 

The Schaeffer machine is run by an 
electric motor that spins a metal disc. 
Cold water runs into the spinning fly- 
wheel where specially designed cham- 
bers cause an extremely rapid series of 


shocks to occur - literally shocking the 
water into superheated steam. 

Schaeffer demonstrated this energy 
conversion device in his machine shop 
on Belmont Avenue in Chicago for this 
reporter a number of times. The devic 
was crude and inefficient next to some 
later models made by Bob Price of So- 
naqua, but it was impressive nonetheless. 

“You just watch what happens.” the 
old man said proudly as he stepped up 
to his floor mounted machinery. “You 
know how long it takes to boil water on 
your stove don’t you?” he asked. 

I nodded that 1 understood a little 
about boilers, heaters and making 
steam. 

“Feel this," he ordered and I put my 
hand on some pipes leading into the 
device from a water tank. It was cold -- 
tap water cold. 

A 20 horsepower electric motor was 
mounted beneath the heavy metal 
rotary impeller. A pipe protruded from 



the opposite side of the disc and bent 
up and out a window. 

Schaeffer pulled a switch and I wit- 
nessed an amazing energy conversion 
- something totally new to the annals 
of engineering. The motor whirred and 
Schieffer tinkered with a valve for 
about 20 seconds, then before half a 
minute had elapsed superheated steam 
spewed forth and cascaded out the win- 
dow. 

The outlet pipe was too hot to touen 
in a very short time, yet the inlet pipe 
continued to be as cold as the water 
running inside it. 

Indeed, a 20 horsepower electric mo- 
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tor is an energy source, but later tests 
and more sophisticated equipment 
showed that the power out - in the 
form of steam -- was greater than the 
power in from the electric outlet 
-ource -- an engineering impossibility! 
ut a fact nonetheless. 

In September of 1973 Sonaqua Inc. 
took the Schaeffer device to famed 
Battelle research institute in Columbus, 
Ohio for efficiency tests. 

The test results, submitted to 
George W. Moffit Jr., board chairman of 
Sonaqua Inc. on Oct. 4, 1973 by L.J. 
Flanigan of the Nuclear and Flow 
Systems Section of Battelle, listed the 
efficiency of the device over eight 
test runs to be in a range between 97.3 
per cent and 99.0 per cent. 

An interesting aside to the formal 
report is that much of the experimenta- 
tion was said to have been “not defini- 
tive because shortcomings in the ex- 
perimental apparatus introduced large 





i 


uacertainties into the results.” 

However, it was reported by Battelle 
personnel, that part of that same 
unexplained phenomenon reported by 
the inventor must have developed: “We 
had readings in excess of 100 per cent 
on several occasions,” an engineer told 
Bob Price, “and that’s not possible.” 

“1 was told that one of the readings 
actually indicated an efficiency of 117 

L «r cent,” Price said, trying to subdue a 
.in at the thought of the confusion 
such a development must have caused 
the engineers. 

The Sonaqua people, especially Price, 
are careful to avoid any claims for the 


unexplained energy at this time. “We 
have the greatest efficiency and poten- 
tially the lowest cost apparatus for 
making steam there is,” Price said. 

Sonaqua did manage to sell a licensee 
the right to produce home heaters, only 
to find that after two years the licensee 
is having the same developmental 
problems faced by the parent company 
- the new departure is up against 
dogmatic slide-rule skepticism and de- 
velopment money is hard to find. 

Aquasonics of Denver has proven 
that a three bedroom home with a 
basement can be comfortably heated 
with two small three horsepower 
motors. 

“They have managed to heat a home 
with 20 per cent less electricity than 
that used by a standard emersion unit - 
and they have had no trouble keeping 
the house warm -excessively warm,” 
Price said. 

For two winters now a model house 
in the chilly mountain city has had 
more than adequate heat from the two 
small motors and the Schaeffer device. 

Sonaqua is applying for grants to 
study exactly what it is that makes the 
shocked water heat up. Schaeffer’s sons, 
Kurt and Karl, have worked with Bob 
Price and have designed some experi- 
ments to help discover precisely what 
takes place within their father’s mech- 
anical device. 

Whether grants for such studies are 
forthcoming or not, it seems silly to 
have the use of the device withheld. 
There’s no doubt that it works. Time 
enough to figure out why after it’s in 


production and helping to curb 
America's excessive energy use. 

Edison's light bulbs were giving light 
when electric theory was in its infancy 
It’s not necessary to know precisely 
what is going on in Schaeffer's machine 
- the machine worxs consistently and 
that’s what is needed. 

Dr. Hunter, who viewed the device in 
action in this reporter’s presence, said 
that it obviously performed in a wide 
range of efficiencies and eventually 
when the device was properly developed 
and finely tuned, the prospects were 
excellent for the product. 

The professor of mechanical en 
gineering did not care to comment on 
the “unexplained” part of the story. 

Look at it this way. If the machine 
merely produces steam with a 98 per 
cent efficiency (which Battelle grants 
unequivocally) then its the best thing 
for home use yet developed. 

And there’s no need for large hot 
water storage tanks as smaller storage 
units, heated more efficiently will 
suffice; no need for pilot lights and 
natural gas. 

In large apartment units there’s no 
need for expensive boiler systems and 
either gas or coal fuel. 

And if, when the skepticism is worn 
down and serious thought is given the 
device, the “unexplained phenomenon 
of the release of energy inherent in the 
molecules of water” is eventualh 
proved and controlled, the world will 
have an alternative energy source that is 
sorely needed. E3 
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plant in Missouri when he 
noticed something strange. A 
f : cold water supply line to a heat- 
ing system felt warm to the touch. 

When he asked a maintenance worker 
about it, the man said the plant had experi- 
enced water hammer in its pipes — the same 
force that rattles the 
pipes in your house 
when you turn off a 
kitchen faucet — and 
the cold water pipes 
became warm when it 
occurred. Intrigued by 
this, Griggs checked 
his engineering text- 
books and confirmed 
that when a shock 
wave, such as one 
caused by water ham- 
mer, passes through a 
liquid, energy dissipates as heat. 

Most engineers would file away this tidbit 
of knowledge and think no more about it, but 
Griggs pursued it further — much further. He 
went on to develop a device called a steam 
pump that takes advantage of water hammer 
and cavitation — two phenomena engineers 
normally go to great lengths to avoid— to pro- 
duce hot water and steam. He then started 
Hydro Dynamics, Inc., in Rome, GA, to devel- 
op and sell steam pumps. Today, after spending 
years perfecting his invention, Griggs stands 


are another engineer's 


power source 


f|way we heat water 
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A Steam What? 

An electrical engineer from Rockmart, 
GA, Griggs owned an engineering firm special- 
izing in energy conservation and utility cost 
reductions when he started his adventure with 
steam pumps in 1986. He began by tinkering 

part-time in his 
garage, first trying a 
piston design, which 
proved unsuccessful. 
Beginning in 1988, 
he explored a rotary 
design. After trying 
hundreds of rotor con- 
figurations, he built 
the first successful 
prototype in 1989. 

Structurally, the 
steam pump resem- 
bles an electric motor 
or centrifugal pump, in that a steel rotor 
rotates on a shaft inside a cylindrical steel 
housing. The specially designed rotor has hun- 
dreds of cavities drilled into it in a specific 
pattern. Cold water flows in one side of the 
housing, and hot water or steam flows out 
the other. Normally driven by an electric 
motor, the steam pump quickly produces hot 
water or steam, or a combination of the two, 
and it reportedly can generate steam at any 
pressure or temperature desired — all without 
combustion. 
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edges that generating steam 
has little in common with weaving carpet, and 
he admits he actually found steam boring at the 
outset. But when Griggs explained the applica- 
tions of the steam pump, Hudson became 
intrigued with the possibilities, and his thirst 
for starting a new business took over. 

Research-and-Development 

Challenges 

Hydro Dynamics has spent the last six 
years in research-and-development mode, 
building rotors by trial and error and testing 
them in field trial units. Griggs estimates he 
has built thousands of rotor designs over the 
last seven to eight years. By testing so many 
variations, he hopes to develop computer mod- 
els of a steam pump, allowing future automa- 
tion in the design process. 

As one of its first trial units, Hydro 
Dynamics installed a 75-botler-horsepower 
(BHP) unit at Rome Cleaners, a retail dry 
cleaner in Rome, GA. The steam pump heats 
water for use in cleaning operations and serves 
as a backup to the company’s gas-powered boil- 


er. Manager Ken Sledge reports, “I 
had my doubts at first as they were 
perfecting it, but it works. In five 
minutes you have steam pressure — it takes 30 
minutes for our boiler.” 

The steam pump also takes up less space 
than a boiler, and can be used by customers, 
such as schools, nursing homes, and hospitals, 
that don’t have a boiler room and lack boiler 
operators and maintenance personnel. 

To boost the development effort, Griggs 
signed a Space Act Agreement in the early 
1990s with NASA, which had an interest in 
the pump for space applications. Knowing it 
produced no sparks, NASA envisioned using 
the steam pump for distilling urine and other 
waste products as well as for converting cryo- 
genic liquids to gases. In exchange for the 
opportunity to explore uses of the pump, 
NASA scientists provided technical assistance 
in analyzing the pump. 

The space agency’s expertise paid off in 
solving a problem with the rotor shaft bear- 
ings. As the pump heated up during water 


Typical hot water 
heating system. 


Water 

Heater 


went rn 1 1 -tu 
pumps and starte 
Dynamics in 1990. 

Hudson came on board in 
1993 as president and CEO of 
the company, bringing with 
him business savvy developed 
from founding a company 
that makes carpeting out of 
plastic soda bottles. He had 
sold that business and retired 
at 46 — but after only two 
weeks, he found he could not 
sit still. Hudson acknowl- 
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heating, the shaft would grow axially, stressing 
the bearings. NASA engineers came up with a 
pilot bearing design with increased clearances 
in the races. 

When Jim Griggs originally developed his 
steam pump, he knew that water hammer 
caused it to heat water, but the actual mecha- 
nisms at work proved a mystery. Working with 
NASA also changed that. 

As Griggs now confidently states, “The 
pump creates millions of short-distance shock 
waves which, in turn, cause a type of cavita- 
tion — controlled cavitation— inside the bores 
of the rotor. As the bubbles collapse, that’s 
where the heat generation takes place.” The 
rotation creates centripetal force and pressure 
differential, pushing water into the holes and 
causing shock waves. 

The cavitation is the same phenomenon 
that occurs when a centrifugal pump tries to 
push more fluid out than it takes in, starving, in 
effect, the pump’s inlet. Microscopic bubbles 
form in the water and implode as pressure 
increases in the pump. While these microbursts 
erode centrifugal pump impellers, Griggs has 
avoided such problems in the steam pump by 
virtue of the fact that the bubbles burst in the 
rotor pockets, away from the walls. 

The energy output of a steam pump 
depends on many factors, including the size of 
the rotor, number of cavities, angle of the cavi- 
ties, tolerances in the unit, and rotational 
speed. Griggs says the efficiency of the device 
has surprised many engineers. As examples of 
sizes, Griggs sees commercial applications 
extending to 150 BMP, and pulp and paper 
industry applications ranging from 1,000 to 
10,000 BHP. Units can be stacked in modular 
fashion to increase horsepower. 

Griggs encountered another problem early 
on — finding a facility for testing larger versions 


of cam pump. The closest place he could 
fin i with a test stand and electric motors large 
er ugh to turn the pumps was MJ Electric 
Ei -erprise, a motor repair and rebuilding ser- 
vice in Princeton, WV. 

' haps the greatest problem Griggs has 
ha, ; ; overcome is skepticism. As might be 
expected with a radically new technology, 
Griggs has encountered a mixed response in 
introducing steam pumps to the market. "It’s 
been real hard in some industries to convince 
people that this technology will work. In oth- 
er.-. the engineers have been very open to it.” 

One of Hydro Dynamic’s biggest believers is 
Isolyser Company of Norcross, GA. The com- 
pany manufactures products used in hospital 
operating rooms, such as surgical gowns, shoe 
covers, and masks, at its plant in Charlotte, NC. 
They make these products from OREX, a poly- 
mer made from polyvinyl alcohol. This unique 
material dissolves when agitated in hot water, 
allowing for easy disposal down a drain. Isolyser 
sells washing-machine-like processing units that 
agitate the OREX products at 205 °F for 20 
minutes, and the company uses 40- to 50-BHP 
Hydro Dynamics steam pumps to supply the hot 
water in some situations. Alex Fairley, vice pres- 
ident and director of operations at Isolyser’s 
Charlotte plant, says, "The thing we like about 
it [the steam pump] is it’s small, and we don’t 
have to worry about boiler codes.” 

Good for More Than 
Heating Water 

As well as the steam pump works for heat- 
ing water, Griggs thinks it offers greater 
promise for many other uses. “The really 
unique thing about the pump, compared to 
conventional boilers or heating mechanisms, is 
that you can run impure liquids through it 
without related scaling, coking, and similar 
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temperature of The liquifl'ttnd^’ 
the steel surfaces insia^ pB^g 
pump are the same 
they c.ome in contact (in 
contrast, consider what hap- 
pens when a cold liquid hits a 
sizzling frying pan). And the 
rotor is inherently self-clean- 
ing. “The environmental 
aspect of this could he huge,” 
says Hudson. 

This lack of scaling 
allows the pump to be used to 
distill — separate solids from 
liquids — many types of dirty 
liquids, resulting in reduced 
transportation and disposal 
costs, and allowing reuse of the liquid. In one 
of the first distillation applications, the pump 
removed dyes from discharge water at carpet 
plants in Dalton, GA. Another application 
involves separating dirt from the glycol de- 
icing fluid used on airplane wings so the fluid 
can he reclaimed. In the food processing indus- 
try, the pump can he used in homogenizing and 
pasteurizing milk. As Hudson says, “If it flows, 
we can run it through there.” 

“We think the most profitable field for us in 
the immediate future is going to he the pulp 
and paper industry,” predicts Griggs. Paper 
plants use evaporators to separate wastes from 
liquids, but these devices experience scale 
buildup, which lowers their efficiency. 
Typically, a plant will have two evaporators, 
using one while cleaning the other. One paper- 
making process generates a gray sludge byprod- 
uct, a gooey mix of cellulose and fibers consist- 
ing of 2 percent solids and 98 percent water. 
Another process for cooking wood chips in a 


Electric 

Motor 


Hydrosonic 

Pump™ 


Recirculation 

Pump 


Black Liquor 
(83%) 


pulping operation yields a black Hydrosonic Pumn M 

liquor solution of 10 percent solids. Concentrator System. 

In both cases, the steam pump can 

separate the solids. “We can actually get it dry 

enough so it can be burned in a furnace rather 

than landfilled,” says Hudson. 

Griggs and Hudson like to point out that 
the steam pump’s potential extends to exotic 
areas, too. “Because the device is mechanically 
driven, we can have any drive source lor this 
thing. We’ve calculated it running off every- 
thing from a turbocharger at a power plant to 
an ox walking around around a circle in some 
third world country,” says Griggs. The steam 
pump reportedly can distill dirty river water or 
even saltwater for drinking. “One of my pet 
ideas is to direct-drive it with a windmill using 
ocean water as the fuel source and provide 
drinking water and electricity as a byproduct,” 
continues Griggs. 

Because the steam pump does not require a 
standard source of electricity, Hydro Dynamics 
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Steam pump inventor 
Jim Griggs (foreground) 
works with technicians at 
MJ Electric Enterprise 
prior to running a test on 
a 75-BHP steam pump to 
generate hot water. 

manufacture 50 to 100 
units a year. 

Griggs does not envi- 
sion Hydro Dynamics 
becoming a large manu- 
facturer of steam pumps. 
He plans to license the 
technology to other com- 
panies. Hydro Dynamics 
will collect licensing fees 
or royalties and remain a 
small research-and-devel- 
opment firm. Typically, 
licensees will consist of 


plans to build portable versions for use in remote 
areas. These could see duty in distant environ- 
mental cleanup efforts. For example, a steam 
pump could generate steam from river or ocean 
water for cleaning up a beach after an oil spill. 

Looking to the Future 

Hydro Dynamics currently has 25 to 30 
units in the field, but Griggs indicates the com- 
pany will soon begin an aggressive marketing 
campaign that he foresees bringing in $8 mil- 
lion to $10 million in sales next year. The corn- 


manufacturers of equipment sold to end users, 
for example, makers of concentrators and evap- 
orators for the pulp and paper industry. MJ 
Electric also has expressed an interest in pro- 
ducing units, as they see steam pumps as similar 
to electric motors in a fabrication sense. 

Meanwhile, Hydro Dynamics continues to 
explore new applications for its steam pump. 
Realizing they have only begun to tap the 
device’s potential, Griggs says, “We’re always 
coming up with new applications, and Kelly 
and I both feel that the best use for this device 


pany has four salespeople in the field, including 


probably hasn’t been thought of yet.” 


one in Europe. 

The company operates out of a 20,000- 
square-foot facility, where eight full-time 
employees conduct research and development, 
as well as fabricate smaller steam pumps up to 
20 BHR The small plant has the capacity to 


For More Information 

To learn more about the steam pump, write 
to Hydro Dynamics, Inc., 8 Redmond Court, 
Rome, GA 30165, U.S.A.; or call: (706) 234- 
41 11; fax: (706) 234-0702. CA 
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The James Griggs Hydrosonic Pump 


By Joe Maize 

Editor's Note: James Griggs is a 
speaker at this year's International 
- Symposium on New Energy to be held 
in Deriver April 25-28, 1996. 

James Griggs is an electrical 
engineer, entrepreneur, and own- 
er of Hydro Dynamics, Inc. 
located in Rome, Georgia. Mr. 
Griggs has invented what is called 
a hydrosonic pump, which is a 
novel device for heating liquids. 
This device, rather than heating 
liquids via a resistive heating ele- 
ment or via the direct combustion 
of fossil fuels, heats liquids 
through what may be called shock 
waves, hence the name 
hydro+sonic (water + sound). In 
watching the video of this hy- 
drosonic pump, one sees cold 
water being injected into one side 
.of this device while saturated 
steam exits the other side of this 
device. Beneath the external cas- 
ing of the device itself, unseen, is 
a spinning cylinder of novel de- 
sign. Impressive as this device is, 
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it is more so when it is learned that 
the energy of the steam exiting 
this device greatly exceeds all of 
the energy input needed to create 
this steam. In other words, the 
energy efficiency of this device is 
significantly greater than 100%. 
Equally impressive is the fact that 
the steam exiting the hydrosonic 
pump glowed violet. 

The history of this product's 
development is as interesting as its 
performance and perhaps has an- 
tecedent developments in the 
discovery of sondluminiscence in 
the 1930s and the development of 
the Keeley motor by John Keeley 
in the late 1800s. Sonolumines- 
cence is the direct conversion of 
sound into light using water as the 
medium, hence the name sonolu- 
minescence (sound + light). 
Sonoluminescence is not well un- 
derstood even to this day, 60 years 
after its discovery, but apparently 
it is the effect of light emission 
from a bubble dissolved water as 
a result of a shock wave created 
in that water by sound waves 
which hammer the bubble into 
compression. The bubble releases 
energy over a broad spectrum of 
visible as well as invisible light, 
the most energetic components 
being in the blue and violet spec- 
trum. The Keeley motor was an 
over unity device which ran on 
water and whose operation pur- 
portedly was based on "water 
hammer," that undesirable phe- 
nomenon in any high pressure 
water pipe system which de- 


scribes the unwanted banging and 
groaning noises associated with a 
system due to abrupt pressure 
changes or shock waves. 

In the mid to late 1980s, Jim 
Griggs toyed with a desire for ah 
ternative sources for energy 
production. Griggs was familiar 
with the water hammer effect and 
noticed that articles on this sub- 
ject mentioned the accompanying 
heating effect, albeit a minuscule 
one, as a result of the creation of 
the water hammer shock waves. 
By magnifying this shock wave 
effect via a novel rotating cylinder 
design, Griggs hoped to magnif) 
this heating effect as well. In 1981 
and 1989, Griggs made his firs 
successful rotors which could con 
vert water directly into steam. 1 
was in the 1989 design that Griggs 
noted that his energy efficiency 
exceeded 100%. Griggs stated, "1 
felt we had made a mistake, but 
we could riot make the results go 
away. Now here we are, five years 
later, and after many of our own 
tests, as well as calling outside 
consultants to run and evaluate 
the system objectively, the (over 
unity) results still stand." Even 
though the academic community 
has pretty much ignored-the over 
unity aspects of the hydrosonic 
pump, the market place has not 
ignored the unique heating at- 
tributes of this pump. For 
instance, the pump is already be- 
ing marketed for home and 
commercial heating systems as an 
Continued on next page 
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Test Results of an N- Machine 


The following is a summary 
of the test results performed by 
Leyland Consultants Ltd. of Auck- 
land as prepared in report form by 
Bryan Leyland. This test was a 
measurement of 
power efficiency 
and was per- 
formed for the 
prototype Space 
Power Generator 
(the SPG, Bruce 
DePalma's N- 
Machine) for 
Space Power 
Corporation 
Limited. Ley- 
land Consultants 
is a consulting 
firm of electrical and mechanical 


Griggs Pump continued 

inexpensive steam generator. The 
dairy industry is currently inter- 
ested in its use to pasteurize milk, 
which requires that milk be heat- 
ed to a temperature of 160 degrees 
Fahrenheit for 16 seconds. A con- 
dominium complex and boiler 
company in Key Biscane, Florida 
is working with Griggs to gener- 
ate steam directly from water 
using a windmill generator. In this 
case, the hydrosonic pump would 
be powered directly by the wind- 
mill. Other contacts in the 
Bahamas, Puerto Rico, and Cana- 
da are also interested in this 
development as well. Lastly, the 
hydrosonic pump is being used 
now industrially, in distillation 
processes. For instance, it is being 
used in one process to separate 
glycerin from water. 

Unfortunately, Griggs must 
play down the over unity aspect of 
his invention for, as he says, ". . . 
fear of chasing a customer away 
with talk of a device that defies 
energy conservation laws." Of 
course, if this same customer were 
to see the violet luminescent steam 
exiting from his newly installed 
hydrosonic pump, one must won- 
der whether or not this customer 
would realize that he was witness- 
ing something for which academic 
science does not allow. ▼ 


engineers. Leyland consultants 
say they spent about an hour in 
discussions with Bruce DePalma 
to understand the differences be- 
tween his machine (the SPG) and 


the standard homopolar genera- 
tor, which must by conventional 
wisdom have a power efficiency 
less than 100%. The Leyland test 
was performed on December 20, 
1994 at 10:35 a.m. The test ran for 
a total time duration of 13 minutes 
after which time it was deter- 
mined that the total power 
efficiency (defined as total power 
output divided by total power in- 
put) for the Space Power 
Generator was 57% + /- 7.5%. 

Although the actual test per- 
formed by Leyland Consultants 
only lasted 13 minutes, it certain- 
ly took much longer for them to 
set up the proper equipment be- 
fore the test could be run. As 
shown in Figure 1, they used 2 
wattmeters to measure the total 
power into their variable speed 
drive circuit, which then drove an 
AC induction motor, which then 
drove a belt speed multiplier, 
which then drove a Himmelstein 
Torquemeter, which then drove 
the SPG generator under test, 
which then dumped its power 
output as resistive electrical heat 
into a 10 liter bucket of water. The 
57% efficiency number was ob- 
tained by dividing the power 
dumped into the bucket of water 
(2802 Watts) by the average input 
reading of the Himmelstein 
Torquemeter (4925 Watts). In crit- 
icizing their own results, Leyland 
Consultants noted that they did 


not have the capability of measur- 
ing the output, d-.c. current of the 
SPG N-Machine, which they esti- 
mated to be approximately 5448 
amps based on a low amperage 
(1765 amps) 
measure- 
ment, which 
they could 
measure. 
Since there 
were obvi- 
ous losses 
between the 
copper con- 
d u c t o r 
output 
wires of the 
SPG and the 
bucket, of water, which could eas- 
ily have been 100 Watts or more, 
Leyland suggests that for future 
testing either a 6000 amp amme- 
ter be used to measure output 
current accurately or more of the 
SPG output conductors be sub- 
merged in the water bucket to 
obtain more accurate calorimetric 
measurements. Using the higher 
range ammeter, one need only 
multiply the SPG output voltage, 
V, by its output current, I, to ob- 
tain the output power, assuming 
both V and I were constant. 

A second criticism of their 
results, which Leyland noted, was 
the fact that there was torque rip- 
ple in their measurement for input 
power using the Himmelstein 
Torquemeter, hence detracting 
from the accuracy in measuring 
input power to the SPG (3 of 10 
torque-speed data points were 
missing from their spreadsheet). 
Averaging the torque reading and 
multiplying this by the rotational 
speed would give an accurate, 
precise measurement of power 
delivered to the SPG only if there 
were no speed ripple. Measuring 
rotational speed and torque to cal- 
culate power is analogous to 
measuring voltage and current to 
calculate powe r . If the rotational 
speed were 90 degrees out of 
phase with the torque (just as 
when the voltage is 90 degrees out 
Continued on next page 



Figure 1: Test setup used to test the N-Machine (de Palma homopolar , 
generator) on 12/20/94. 
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of the ordinary type is used. Bulsomelcr 
pumps can be wi.il.nl w In n nine-tenths 
submerged. 

llic great drawback of pulsomclcr 
pumps lias been llie large amount of 
steam consumed. In a new pump of ibis 
type, made by llic Emerson Steam l’liiup 
Company, of Alexandria, Va., it is claimed 
that the steam consumption is reduced by 
means of an early cut-off, resulting from 
the special design of tbe rotary slide-valve 


Engineering and Mining Journal 
Vol . 85. March 14, 1908. p. 5 1 


The Emerson Steam Pump 


llic pulsonictcr pump lias many advan 
lages of construction over oilier types 
of pumps when water containing grit is 
to be bandied; it is therefore especially 
adapted to shaft work. In such pumps, 
the water comes in contact with only fom 
valves, two in the suction and two in the 
discharge* pipes. As these are ordinary, 
flat-seated, rubber valves, they do not 
wear and get out of order easily when 
gritty water is being pumped. Besides, 
in pulsomcter pumps there aye no slutting 
boxes, no plungers, no pistons, nor other 
moving parts such as cause trouble in 
reciprocating pumps, used for pumping 
dirty water. A pulsonictcr pump is self 
contained; the valve, controlling tbe ad- 
mission of steam to tbe cylinders, is situ 
ated in the top of the pump where it is 
not reached by the gritty water and where 
it is protected by tbe body of the pump 
from pieces of dying rock during blasting 
Another advantage of tbe pulsomcter 
pump is that it can be easily moved, ow 
ing to its not reipiiring any foundation 
setting. On account ot tbe absence of 
reciprocating parts, there is little vibration 
of the pump and so it can be bung from 
a rope while working; this permits of 
easy hoisting or lowering. Besides, as tbe 
steam acts directly upon the water with 
out the use of plunger or piston, tbe 
pump is generally somewhat lighter than 
a reciprocating pump of the same capacity. 
As pulsomcter pumps do not exhaust the 
steam into the air the shaft is therefore 
much colder than when a sinking pump 



K.VU.Kso.N SHAM I'll .11 I' 

steam ports. The Emerson pump, like 
other forms of pulsonictcr pumps, depends 
upon tbe vacuum in one chamber, pro 
duced by the condensation of the steam 
by means of a jet of water, to suck up 
tbe water into the chamber. I lieu by 
means of tin lot.uy valve, steam is turned 
in on top oi ihc water and the water is 
forced out of ihc pump by the so. on it 
self. 

On the Baud dining the year ending 
June .jo, tijoj, there were producing 
mines, using Ho. |7 stamps winch i mi on 
the uvciugc |S<i days. I be o .niage 

hoisted amounted t • * iB.ltig.tol ton. 
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Hydraulique , Pneumatic , Technique du Froid . ed. Alfred 
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To all ichouiHt may concern: 

Ik* iL kmnvu that I, I Ii:i,t>i:.';t Ar.i i;i:o 
IfrnriiUK'S a .subject of (ho King of Omit 
Britain, residing at <18 Victoria street. West- 
5 minster, in the county of London, England, 
consulting engineer, have invented certain 
new and useful Improvements ltela ting to 
Methods of Compressing Elastic Fluid, of 
which the following is a specification, 
to My invention relates to improvements in 
the method of utilizing heat energy in the 
movement of liquid and utilizing the mo- 
mentum or kinetic energy of the moving 
liquid for compressing air or gases. The 
15 object of the present, invention is to pro- 
vide a method whereby the. raising or forc- 
ing of liquid by an expansion of an ignited 
com bust ible charge is applied to the com- 
pression or blowing of air or gas. The cycle 
20 of operation is in many respects similar or 
analogous to that described and claimed in 
mv copending applieat ions Serial No. 438, -125 
filed June 13, 1908 and Serial No. Gao, 97b 
filed October V i . 191.1, one of which is for a 
25 method and the oilier for an apparatus, 
which applications contain claims which 
may be read upon the disclosure of the pres- 
ent application. 

Referring to the drawings which illustrate 
30 merely by way of example, suitable appa- 
ratus for ell'ecting my invention — 

Figure 1 is a diagrammatic vertical sec- 
tion of suitable apparatus for ell'ecting my 
— .invention. 

35 Fig. 2 is a similar view of a modified form 
of apparatus. 

Fig, 3 is a similar view of another molli- 
fied form. 

Fig. 4 is a vertical section on a somewhat 
40 enlarged scale of another modified form of 
apparatus, wherein the combustion and com- 
pression chambers alternate in their func- 
tions. 

Fig. 5 is a vertical section of a device for 
45 controlling the pressure at the air delivery. 

Fig. 0 is a vertical section of a measuring 
device for combustible charges. 

Fig. 7 is a vertical section of a device 
■whereby the elastic fluid compressed, is sep- 
50 arated from the compressing mass of liquid. 

Fig. 8 is a vertical section of suitable ap- 
paratus for effecting my invention showing- 
the cooperative relationship of the several 
features illustrated in the other figures. 

55 Similar numerals refer to similar parts 
throughout the several views. 


A form of the apparatus, which may be 
regarded as one of the simplest examples, 
inasmuch as it does not require that there 
shall lie either an intake or discharge of 00 
fresh liquid at each cycle, is shown in Fig. 

1, in which J is the combustion chamber 
and 3 is the compressor chamber, connected 
bv a liquid duel or play pipe 4. 

In (lie top of chamber I are lifted an ad- 65 
mission valve 5 for combustible mixture, 
and an exhaust' valve G for burnt products. 
Suitable valve gear is used .-o that the ex- 
haust valve opens when the ignited com- 
bustible mixture has expanded to subslan- 70 
tially atmospheric pressure or other desired 
pressure, arid is shut when the rising liquid 
has exhausted sullicicnl of the products of 
combustion. The exhaust valve may con- 
veniently be shut by impact of the rising 75 
liquid, and remain slnil until the next ignited 
charge expands to atmospheric pressure. 

The admission valve opens by suction against 
the action of a light spring during the 
period at which it is desired to introduce 80 
the charge. 

In the present example the stem of the 
admission valve carries a pin 7 capable of 
engaging with the hell crank 8 pivoted at 9 
and carrying a pin 10 for engaging in the 85 
slotted end of rod 11 attached to a pawl 12 
pivoted at 13 on (he top of the compressor 
chamber. 

At the upper end of (lie compressor cham- 
ber 3 is filled an inlet valve ! 1 which opens 00 
against a light spring and is locked in an 
open position bv pawl 12. which when 
pulled to the right bv spring IK engages 
above (he collar 17 on the stem of air inlet 
valve Ft, and so keeps- this valve from cl os- 95 
ing again until this pawl is released by (he 
motion of bell crank 8 which occurs when 
admission valve 5 opens. There is also fit- 
ted on the compressor chamber 3 a non-re- 
turn outlet valve 15 controlled by a spring. 1" 
Tn the outlet pipe there is also a valve 1G 
suitably supported and adapted to close on 
a seat just above it ; (Ids valve is so loaded, 
however, that the escaping air cannot close 
it, although the impact of the rising liquid 
is capable of doing so. The outlet pipe pro- 
jects some distance into the compressor 
chamber, so that the, liquid rising in the 
chamber can drive out air until the level of 
the liimid reaches the level of (lie projecting 110 
part ID of the pipe, but further rise of the 
liquid imprisons a cushion of air in the top 
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of the compressor chamber and causes liquid 
to be forced up the outlet pipe to shut valve 
16, after which, all outlets being closed in 
the top of the compressor chamber, the. im- 
prisoned elastic cushion uiay be further com- 
pressed. 

The method of operation may now be ex- 
plained. The, valves being in the position 
shown, it will be assumed that there is a 
10 compressed cqpibustible mixture in the top 
of chamber L above, the level of (be liquid 
and that there is a charge of air or other 
elastic iluid in chamber -‘1 approximately at 
atmospheric pressure. Explosion occurs at 
15 or about maximum compression pressure. 
Any suitable 1 , mode of ignition may be em- 
ployed. The increase of pressure thus pro- 
duced drives I be liquid downward and out- 
ward from chamber 1 through (he pipe 1 
20 which is long enough to permit a consider- 
able portion of the energy to be transformed 
into momentum of kineiic energy of the mov- 
ing liquid, and causes the liquid to rise in 
chamber 3, thus compressing the air therein. 
25 It 111113’' he assumed that on the discharge side 
of valve 15 there already exists compressed 
air at a pressure corresponding with that 
at which it is desired to deliver the air, 
so that valve 15 will not open until the 
30 pressure in chamber 3 exceeds somewhat the. 
pressure at which the air is to be delivered, 
after which air will he discharged past valve 
16 which remains open and past valve 15 
■which is opened under the action of the 
35 compressed air. According to the circum- 
stances of t lie case, it may be that the level 
of the liquid in chamber 3 will not rise 
above, the level of the lower projecting por- 
tion ID of the, inlet pipe, hut if it does, a 
40 cushion is formed in the top of chamber 3 
above this level, and valve 16 is shut by 
impact of liquid rising in the outlet, pipe, 
in which case the further rise of pressure 
due to the compression of the elastic cushion 
45 will for the time being keep valve 16 shut. 

Returning to the consideration of cham- 
ber 1, when expansion has reached atmos- 
pheric pressure, valve 6 opens. On the col- 
umn of liquid coming lo rest, the compressed 
50 air in chamber 3 forces the column of liquid 
downward and outward from chamber 3, 
thus reversing the (low ami causing liquid 
to rise in chamber 1. There being a free 
opening through the exhaust valve 6 to at- 
55 mosphero, the liquid rising in chamber 1 
expels the burnt products therefrom until, 
on attaining the level of valve, 6 it shuts 
this valve l“y impact and compresses an 
elastic cushion in the top of chamber 1. 
00 In the meantime the energy of compression 
of ihe air contained in chamber 3 Inning 
been expended in imparting velocity to the 
column of water, the air arrives at atmos- 
pheric pressure, and the, continued down- 
00 ward motion of the liquid in chamber 3 


causes a fresh charge of air to be drawn in 
through valve 14, which is sucked open 
against the action of a light spring. When 
(his occurs pawl l - 2, which previously rested 
against collar 17, is pulled fay spring 18 and 70 
engages over the collar so that it locks the 
inlet valve in its open position. A point in 
the cycle is now reached where the column 
of liquid once more comes to rest and there 
is contained in the top of chamber 1 a com- 75 
pressed elastic cushion, in this case consist- 
ing of burnt products, or of burnt products 
and air, and in chamber 3 there- is air at 
atmospheric pressure. 

The compressed elastic cushion in the top 80 
of chamber 1 now expands, reverses the How 
of liquid, and on the level of the liquid fall- 
ing until atmospheric pressure is reached, 
which occurs when the level is about that 
of valve 6, the further motion of the liquid 85 
opens the admission \alvo 5 against the, ac- 
tion of its light spring and draws in a fresh 
comhiislible charge. Exhaust valve, 6 can- 
not open because it is locked closed in any 
suitable manner not shown. The admission to 
valve 5 in opening operates bell crank S, 
rod 11, and pawl 12, and so permits the 
spring of valve 11 to close the valve, thus 
stopping the discharge of air which was oc- 
curring as the liquid rose in chamber 3. <j5 
This arrangement insures that, the whole, 
energy of expansion of the elastic cushion 
shall be utilized in giving velocity to the 
column of liquid until atmospheric pressure 
or thereabout is reached in chamber 1, after 100 
which admission valve 5 opens and valve 11 
closes as described. The liquid continues to 
move from the combustion chamber end of the 
apparatus toward the compressor chamber! 
until its energy is expended in forcing liquid 105 
to rise in chamber 3 and compress the air 
therein, and then the liquid having once 
more been brought to rest, the. compressed 
air in chamber 3 again reverses the- direction 
of How, causing liquid to again rise in chain- 110 
her 1 and compress the fresh combustible 
charge therein, which, being ignited, com- 
mences a fresh cycle. 

Tl should be, mentioned that in this case 
hell crank 8, rod 11, and pawl 12 are pro- 115 
vided for the better regulation of ihe work- 
ing, but, are not essential thereto, as the 
cushion expansion energy may suffice to 
draw’ in the nece-sary charge, although com- 
pressing air in chamber 3 throughout, the 120 
cushion, expansion and charging stroke in 
chamber 1. 

The, amount of the charge, admitted to 
chamber 1 is preferably measured by a suit- 
able measuring device. A11 example of such 125 
a measuring device will be described later on. 

The charge is measured not onfv to in- 
sure the regular working of the apparatus, 
but to enable the supply of combustible mix- 
ture to be cut off at the- desired point so that 130 
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the charge drawn in can be expanded below 
atmospheric perjure. Tn this ease a par- 
tial taciturn is erealed in chamber 1 which 
assists the pressure in chamber 3 in impart- 
5 iu*»- I he necessary kinetic energy to the liq- 
uid to give the compression stroke in cham- 
ber 1. 

in order to work the apparatus just de- 
scribed umA advantageously. Lite, pressure 
10 at which (lie air or mis is delivered should 
not exceed a certain limit, depending upon 
the mean oM'oclive area o[' Lhe indicator 
diagram taken 1'rom the power cylinder, and 
consequently, when other ranges oi pressure 
15 tire required, the apparatus F muddied as 
will be described. 

in order that the operation oi the com- 
pressor may' he variable in the sense (bat it 
may deliver at each cycle either a large 
20 quantity of air at relatively low pressure 
or a small quantiiy of air at relatively high 
pressure, the modiiicai ion shown in Fig. ‘2 
may he adopted. Here, in addition to the 
parts already described and similarly mini 
25 bered, chamber 3 has another pipe 20 com- 
municating; villi the, atmosphere and pro- 
jecting fur a considerable distance into the 
chamber. This pipe contains a valve 21 on 
the stem of which is a pin 22 and a collar 23 
30 adapted to engage respectively with one arm 
of lidl crank 24 and with pawl 25. 'Fhe other 
arm of hell crank 21 is connected by rod 2l> 
with hell crank 8, and pawl 25 is connected 
by rod 27 with another pawl 28, the latter 
35 being callable of engaging under collar 20, 
but the length of roil 27 is such that the two 
pawls cannot both at the same time, lie m 
engagement under their respective collars. 

Two springs 30 and 31 have (heir ends at 
40 (itched to rods 20 and 27 respectively in . ueli 
a maimer that when rod 20 mines either to 
the right or the le !'t rod 27 is pulled by die. 
springs to follow it. There is also attached 
lo bell crank 8 a spring, w hid) is not shown. 
45 hut acts so as lo render slahle the exlreme 
positions of rod 20. Valve 21 is intended 
in this case to open under its own weight, 
its motion being limited by a spring or stop, 
and lo be closed by the liquid rising in pipe. 
50 20 and impinging upon the valve. When 
admission valve 5 opens, pin 7, engaging 
with bell crank S, moves rod 20 to the left 
where it remains until valve 21 opens and 
pin 22 engages bell (Tank 21 to move, rod 20 
55 I o the right. 

The. action of the modified apparatus 
shown in Fig. 2 mav now he described. The 
position of the valves ns shown is correct 
for I hat. part of the cycle where expansion 
(it) of the ignited mixture Inn-' occurred in cham- 
ber 1, until the liquid, driven downward in 
chamber 1 and rising in chamber 3. has 
closed valve 2L which is locked shut by pawl 
25. During the further expansion in eliam- 
G5 her 1 the charge of air in chamber 3 is com- 


pressed and a portion of it is discharged un- 
der pressure, into the air delivery pipe, hut 
as before, there remains a portion to fotm 
an elastic cushion. When lhe liquid comes 
to rest the energy of expansion of the cusli- 70 
ion in chamber 3 causes the liquid to reverse 
its How driving out products of combustion 
through exhaust valve (5, and, when this 
val \ e is shut by impact, giving the cushion 
stroke. When Hie level of liquid fulling in 75 
chamber 3 is such that (lie pressure in cham- 
ber 3 arrives at about atmospheric pressure, 
valve 11 opens, admitting fresh air, and is 
locked open by pawl J2 under the action of 
spring 18; but valve 21 remains closed lui.v- 80 
ing been locked by pawl 25. Maximum 
cushion pressure having been attained in 
chamber l and the liquid again brought to 
rest, liquid is forced downward in chamber 
i and after reaching the pressure til which 85 
the admission valve, opens a fresh charge is 
drawn in, pawl 28 being disengaged from 
under collar 25 so that the admission valve 
can open. The liquid rising in chamber 3 
during the last mentioned portion of the 90 
yyele lot-- no work of compression to do dur- 
ing lhe first par! of its movement because 
valve if is open to lhe atmosphere, hut when 
admission valve 5 opens and so operates hell 
crank 8 and rod if. pawl 12 is pulled to the 95 
left and valve If shuts under the action of 
its spring, after which the motion of t lie liq- 
uid is arrested hv compressing air in cham- 
ber 3 and it may he expanding the charge in 
chamber 1, below atmosphere. The charge 100 
lim ing been drawn into chamber 1, and bell 
cranks 8 and 21. and rods 20 and If moved 
to the left, valve 5 shills, pawl 28 engages 
under its collar, and pawl 25 is released 
from under the collar of valve 21. but its 105 
there is at this time pressure in chamber 3, 
valves 2! and 11 remain shut. There is now 
a compressed cushion of air in chamber 3 
ami a combustible charge in chamber 1, the 
pressure of which may he below atmosphere, 110 
and these conditions bring about a revetsal 
of How of the liquid which once more fills 
in chamber 3 and rises in chamber 1, com- 
pressing the charge in the kilter. When at- 
mospheric pressure or (hereabout is readied 115 
in chamber 3 during this part of the cycle., 
valve 21 will open and. hv its pin engaging 
with hell crank 2-1, will reverse the position 
of hell cranks 2-i and 8 and rod 2(1 so that 
they are brought back to the position shown. 120 
The compressed charge in chamber 1 is now 
ignited, and liquid Hows from that, chamber 
toward the compressor chamber 3, expelling 
air from chamber 3 through valve 21 until 
the liquid arrives at the level of the bottom 125 
of the pipe 20, whereupon eorilinued rise of 
the, liquid shuts valve 21 and the cycle is 
once more brought hack to the point from 
which the operations described are repeated. 

From the foregoing description it will be 130 



1,257,004 


-4 

evident Unit however much ail 1 maybe drawn 
into chamber 3 the quantity which is coin- 
pressed by the working stroke occurring in 
chamber 1 cannot exceed the capacity of 
5 the chamber above the level of I ho bottom 
of pipe ‘ 20 , which level may be adjusted. 

The action of the apparatus so far de- 
scribed may be varied to some extent, by 
varying thy amount of liquid contained 
10 therein; thus, reduction of the quantity of 
liquid is equivalent to increasing the ca- 
pacity of the chambers, and increase of the 
quantity of liquid is equivalent to decreas- 
ing (In' capacity of I he chambers, 
l r> 'Modi li<$il ions’ of the npparaius will now 
be described, in which nl each cycle fresh 
liquid is admitted ami rejected. The com- 
bustion chamber ami the compressor cham- 
ber tire showm in b ig. 3 m such relative pnsi- 
20 tiou that valves 50 and 5L for liquid, one 
near I he combustion chamber ami the, other 
near the, compressor chamber, may be con- 
veniently placed close together with the ob- 
ject that their movements may he made to 
25 conlrol one another. A tank 52 is so placed 
that (here may be a free How of liquid to tile 
short pipes in which these valves are situ- 
ated, which pipes are continued as at 53 and 
fi t to communicate with the respective eham- 
80 hers. As before, pipe 1 connects the combus- 
tion chamber and compressor chamber. 

Assuming that chamber 1 is the combus- 
tion eh, amber, the exhaust valve "'ill be that 
shown at (i. the admission valve being shown 
35 at 5. With alt the valves in the position 
shown and a compressed combustible charge 
in the, top of chamber 1 and a charge of air 
in chamber 3, ignition occurs in chamber 1 
and liquid is forced downward and out- 
40 ward from chamber 1 toward chamber 3. 
Valve 51 is normally open so that liquid 
can escape past, it into lank 52, while kinetic 
energy is beinir imparled to the moving col- 
umn of liquid, when, however, the, ignited 
45 gases in chamber 1 have expanded to a suit- 
aide extent the pressure below valve 50 is 
equal to that above this valve, ami the fur- 
ther expansion of these gases causes valve 
50 to open against the action of spring 55 
50 thus admitting liquid to How into the appa- 
ratus from tank 52. Valve 50 has on its 
stem a pin 57 adapted to engage against one 
arm of rocking lever 5!) which is pivoted at 
GO and the other arm of which engages 
55 against pin 58 on the stem of valve 51, so 
that the downward movement of valve 50 
causes valve 51 to shut. Thus the energy of 
expansion of the ignited gases has been so 
far mainly transformed into kinetic energy 
GO of the moving column of liquid and when 
valve 51 shuts this kinetic energy is utilized 
in compressing the charge of air contained 
in chamber 3, tome of which air is delivered 
under pressure past valve 15, but sidlicient 
65 is retained to form an elastic cushion in 


which energy is stored for reversing the 
How of the .liquid. On reaching atmospheric 
pressure, in the combustion chamber 1 , ex- 
haust valve G is opened under the action of 
its own weight and when the reverse How 70 
occurs valve 50 is closed by the action of its 
spring and remains closed, owing to the 
pressure below the valve exceeding that 
above it. Liquid falls in chamber 3 and 
rises in chamber 1 expelling the exhaust 75 
products past exhaust valve G and on reach- 
ing this valve the liquid shuts it by impact, 
and compresses the elastic cushion contained 
in the top of the chamber. About the time 
when the pressure in chamber 3 reaches that 80 
of (lie atmosphere, valve 51 opens, also valve 
id is sucked open by the falling liquid and 
a fresh charge of air is drawn into chamber 
3. Thus the level of liquid m chamber 3 
lends to be maintained at the level of liquid 85 
in tank 52 and valve If shuts under the pres- 
sure of its own spring when the pressures 
are adjusted. Any further movement of 
liquid in pipe f draws in fresh liquid 
through valve 51. . 90 

The compressed elastic cushion in the top 
of chamber f now expands. Liquid, is 
driven downward in chamber 1 along pipe 
■I: and escapes past valve 51 into lank 52 
until, on the pressure tailing sulliciently in 95 
chamber J, fresh combustible mixture is 
drawn through valve 5 until the level of 
liquid in chamber 1 approaches that of the 
liquid in tank 52. The continued movement 
of the column of liquid in pipe 4 causes 100 
valve 50 to open, thus shutting valve 51. 
Fresh liquid is drawn in past valve 50 and 
the column of liquid proceeds to compress 
the air in chamber 3 until the work done 
brings it to rest, when valve 50 shuts. Valve 105 
5 shuts under the action of ;ts spring after 
the combustible charge has been drawn in, 
and valve 51 remains dosed under the pres- 
sure now exerted upon it. The energy stored 
in the clastic cushion in chamber 3 is uti- 110 
lized to reverse the direction of How. so that, 
liquid falls in chamber 3, rises in chamber 
] and compresses the combustible, charge 
therein, and toward the. end of this flow of 
liquid valve 51 opens again, thus bringing 115 
all the parts once more into position for re- 
pwiting the cycle. 

From the foregoing description it will he 
seen that the working of the apparatus last 
described is suitable for compressing air 120 
to high pressures inasmuch as the energy 
of expansion of the ignited combustible 
gases is at- first transformed into kinetic 
energy of the moving liquid and this energy 
may he made to operate upon a relatively 125 
small quantity of air and thus compress this 
air to a high pressure. 

For compressing air to comparatively low 
pressures, the pressure of spring 55 on valve 
50 is released so that this valve is normally 130 
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opened under ils own weight and the pressure 
of spring 50 is increased so that this valve is 
normally held shut. 1 he rileet ol this 
change is that, when the woiking stroke oo- 
5 curs in chamber 1, valve 50 opens earlier, 
hut. as valve 51 remains closed; the licpiid 
which is forced downward and outward 
from chamber 1 finds no outlet past valve 

51, the compression of air starts lrom the 
10 commencement of the said working stroke. 

and a larger quantity of liquid rises in 
chamber 5 than in tile case last considered. 
The energy of expansion ol the ignited 
gases is therefore made to compress a larger 
15 volume of air, and that portion of the air 
which is delivered from the apparatus is 
delivered at a less pressure. As before, a. 
portion of the air is retained in chamber 5 
to supply the energy to reverse, the How of 
20 liquid. 

Alter reversal and the expansion of the 
air cushion in chamber 1.5 . nr is drawn into 
ibis chamber unlit live level ol the liquid ap- 
proximates to that of the liquid in (aide u2, 
25 iiquid meanwhile escaping past, valve ..»() 
after rising in chamber 1. 'i lie level of 
liquid in chamber 1 will at libs time be ap- 
proximately the level o! the liquid in lank 

52, some of the products being already ex- 
30 ha listed. The continued movement of (lie 

column of liquid in pipe 1 nov causes valve 
51 to open, thus dosing valve 50, so that the 
liquid is forced to rise, in chamber 1 to 
complete the exhaust and give the usual 
35 cushion stroke. _ The liquid, having come 
to rest, its- flow is reversed under I he act ion 
of llie energy' of the cushion in chamber 1, 
and the cushion expansion stroke, followed 
by the intake of a fresh combustible charge 
40 in this chamber, during vvlneli air in cham- 
ber 15 is compressed. llefoiv the movement 
of the liquid ceases, valve 50 will open, 
while valve 51 remains shut. The liquid 
comes to resl, its How is again reversed vine 
45 to the pressure in ehamhiv 2, and liquid 
Hows downward in this chamber while the 
compressed air is expanding. The. liquid 
wliieig would otherwise rise in chamber 1 
is at fibs time escaping through valve .50 
50 into the lank, while the energy of expansion 
of the air in chamber 15 is being transformed 
into kinetic energy of the moving liquid. 
When, however, (lie point m this expansion 
is reached nt winch valve 51 opens. Ilms 
55 shutting valve 50. the kiiiede energy of (he 
liquid is utilized in compressing the com- 
bustible charge in chamber i. When this 
kinetic energy is expended tlu* liquid comes 
to rest and everything is ready for the slart- 
00 ing cf a fresh cycle by the ignition of the 
charge in chamber 1. 

It, will be seen that more liquid has en- 
tered and left chamber 15 than has entered 
and left chamber 1, and that the volume of 
65 air operated upon in chamber 2 is greater 


than in the previous case, so that the, pres- 
sure at which the compressed air is delivered 
will lie correspondingly less. 

For some purposes it is allowable, (bat the 
compressed air delivered from the apparatus 70 
should be. mixed with products of com- 
bustion. as for instance, when the com- 
pressed air is to be used for driving a motor, 
and when this is the ease the pump anrl the 
compressor may be interchangeable in re- 75 
speet of their functions, so that combustion 
occurs in each alternately. Such an arrange- 
ment is shown in Fig. 4, where 112 and 114 
are the chambers which serve alternately as 
combustion chambers and air compressor 80 
chambers. 

Tn the top of chamber 112 are. fitted an 
inlet valve 115 for combustible mixture, an 
inlet valve 117 for air, and an e.xhausl. valve 
11!) for 1 he delivery of a mixture of com- 85 
pressed air and burnt products. Correspond- 
ing parts 1115, 118 and 120 are litted in the 
top of chamber 114. Rigidly attached to 
the top easting of chamber 113 are pivots 
121 and 122 about which move, two 2-arm DO 
cranks 125 and 12(5. The left and right 
hand arms are adapted to engage with pins 
fitted to the, stems of valves 115, 117, and 
ill) as shown in said Fig. .1. The top arm 
of crank 125 is all ached by springs 12!) and 1)5 

130 lo pawls 13.1 and 132 respectively, and 
these pawls are connected by rod 133. The 
top arm of crank 12(5 is connected by springs 

131 ami 135 with pawls 13(5 and 137 respec- 
tively which are connected by rod 138. Pawl 100 
131 is adapted to engage under a collar 139 

on (he stem of valve 115. Pawls 132 and 
13G are adapted to engage, under the collar 
110 on the stem of valve 117 and pawl 137 
is adapted lo engage under the. collar 141 100 
on the stem of valve 119. In the outlet pipe 
there is, in addition to valve 119, a spring- 
coni rolled valve 142. Corresponding parts 
are fitted to the lop of chamber 114. 

The. action of the apparatus is as fol- 110 
lows:— -The illustrated position of the valves 
is correct for that part of Ihe cycle in which 
there is a compressed combustible charge in 
the top of chamber 113 and a charge of 
air and burnt products in chamber 114. 115 
Ignition now occurs m chamber 113 and the 
liquid is forced downward and outward 
from Ibis chamber and rises in chamber 114 
expelling the mixed charge at live desired 
pressure past valves 120 and 143 into the 120 
outlet pipe 157. After the bquid has at- 
tained the level of Ihe inwardly extending 
pipe 152 it rises in this pipe and shuts valve 
120 by impact. This valve is at once locked 
by pawl 141 engaging under collar 145 and 125 
simultaneously pawl 14(5 is released from 
under collar 147, (his motion being obtained 
by the tension on spring 1-19 which, in the 
position shown, is greater than the tension 
on spring 14S. The further rise of the liquid 130 
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in chamber 114 compresses the clastic cush- 
ion ia the top thereof and stores the 
energy to give the reverse. How. When the 
combustible products in chamber 114 have 
5 expanded to atmospheric pressure, valve 117 
.is sucked open and air is drawn in t.o mix 
with the products of combustion and this 
motion of the valve mines cranks 12. > and 
120 through pin 150 engaging with them. 
10 When the suction stroke in chamber 113 is 
linished and the liquid comes to rest, valve 
117 closes under the action of its spring and 
pawls 132 and 13(5 engage under its collar 
and pawls 131 and 137 are disengaged irom 
i5 under collars 139 and Ml respectively, this 
movement being brought about lay the fact 
that in the new position of cranks 125 and 
126 the tension of springs 129 and 135 is 
increased and that of springs 130 and 134 
20 diminished. Valve 1.19 being now released 
falls by its own weight, and when the cnergv 
stored in the elastic cushion in the. top of 
chamber 114 causes the reverse How, the 
liquid rising in chamber 113 has a large 
25 volume to compress and will not reach the 
level of (lie bottom of pipe 151, nothing 
happens therefore in this chamber except 
the compression of the mixture therein. Hut 
in chamber 11 1 when the pressure lias fallen 
30 to atmosphere the further movement draws 
in a combustible charge past, valve 11(5 and 
the movement of this valve, causing pin 

153 to engage against crank 127, changes the 
position of this crank and when the. valve 

35 shuts again under action of its spring, pawl 

154 engages under collar 155 and locks the 
valve, while pawl 150 is withdrawn from un- 
der collar 147. The liquid hav ing again come 
to rest and the pressure in chamber 113 

40 being higher than in chamber 114, a second 
outward flow occurs from chamber 113 and 
the combustible charge is compressed in 
chamber 111 and (lie ignition of this charge 
starts a fresh cycle, in which (he functions 
45 of the chambers are reversed. Springs, not 
shown, are used to render stable the extreme 
positions of cranks 1‘25, 120, 127 and 12S, 
in the manner already referred to lor other 
similar cases. Preferably a measured charge 
50 of combustible mixture is used. 

It has been assumed, in describing the 
cycles of the various modifications of appa- 
ratus, (hat there already existed a pressure 
in the outlet pipe of the compressor chamber 
55 on the discharge side, of the out let valve equal 
to (hat at which it was desired to deliver tin 
compressed air. 'Phis may, however, not he 
the case in starling; the apparatus, as for in- 
stance, when a reservoir tor containing the 
00 compressed air delivered has to he pumped 
up to the desired pressure. If the com- 
pressor started without pressure in the de- 
livery pipe the irregular working, which 
would otherwise result until the desired pres- 
05 sure had been attained, may be avoided by 


lilting to the outlet pipe the simple device 
shown in Pig. 5. A movable piston 77 is 
held in position in a cylinder 78 by two 
springs 79 and SO. On the top sitle of the 
piston air is maintained at atmospheric 70 
pressure by holes 81 which communicate with 
the atmosphere, while the under side of the, 
piston is subject to the pressure of the air in 
the delivery pi pe 82. The piston is shown 
iu the position which it assumes when there 7 5 
is atmospheric pressure in the pipe 82. This 
position, due to the pressure of spring 79, is 
I he piston’s lowest position and spring 80 is 
compressed to such an extent that it requires 
a pressure below the outlet valve 15 equiva- 80 
lent to the desired pressure at which air is 
to be delivered, to open this valve. As the 
air compressor is set to work and air is dis- 
charged past valve 15 the pressure in pipe 82 
begins to rise and the pressure on the under 85 
side of the piston 77 gradually increases 
until the. desired working pressure for the 
compressed air is reached, when piston 77 
has been moved upward against the pressure 
of spring 79. This upward movement re- tm 
lieves the pressure on spring 80 and the 
springs may he so adjusted that little or no 
compression now remains in spring St). Con- 
sequently valve 15 now opens when the pres- 
sure on the under side thereof is substan- 1)5 
tially equal to the pressure at which the air 
is to be delivered. By this arrangement the 
pressure at which valve 15 opens may he 
maintained praclicallv constant from the 
starting of the apparatus until the desired 100 
pressure of delivery is attained, and thus the 
pressure conditions for each cycle remain 
the same, in spile of the varying pressures at 
the delivery side of the outlet valve. 

A device for measuring a combustible 105 
charge, into the combustion chamber has 
already been alluded to, and a description of 
such a device will now he given in connection 
with Fig. (i. 

The combustion chamber 1 is fitted with M0 
the usual inlet valve 5, hut: t he stem of this 
valve has a connection, shown diagram- 
matieally as a rod S3, with the stem of valve 
81 placed in the combustible inlet pipe, so 
that when valve 5 opens valve St is dosed. 11-5 
The combustible inlet pipe 87 is also con- 
nected with a measuring chamber 85, in the 
top of which there is a valve 80 adapted to 
be shut by impact of liquid upon it. Measur- 
ing- chamber 85 is connected with a supply 120 
of water not shown which is open to the 
atmosphere in such a manner, that the nor- 
mal level of water in the measuring chamber 
may he adjusted. 

The action of the apparatus is as fol- 125 
lows : — 

When valve 5 opens, valve 81 is closed and 
the suction in chamber 85 causes the liquid 
to rise therein until valve SO shuts bv the im- 
pact of liquid upon it. Thus, valves 84 and 130 
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SG being both closed, no mole combustible 
mixture” can be taken into chamber 1, and 
when the pressure in this chamber and in the 
combustible inlet pipe 87 has risen siit- 
5 liciently, valve 5 will shut under (lie action 
of its spring. This movement ot valve .» 
opens valve 81, and further combustible mix- 
ture Hows into pipe ST. _ Valve SG lulls by its 
own weight, and the liquid in chamber So. 
10 in falling ttf-ils normal level, draws a meas- 
ured quantity of combustible, mixture into 
the chamber. 

The seals of valves b and SI- are pro- 
longed in such a manner as to cause these 
15 valves to act partly as piston valves, so that 
valve 8-L may be shut by the lime valve b is 
open. 

It will be seen that by altering the normal 
level of liquid in chamber So. the quantity 
20 of the measured charge taken in can he 
varied. 

It is well known lhal pistons of dilleront 
ureas may he used to convert high pressure 
energy into low pressure energy, or vice 
25 versa,* a ml it is obvious that Ibis far! can be 
utilized in connection wild i he present, in- 
vention. Thus, if low pressure air in large 
volume is required, the liquid, instead of ris- 
ing and falling in an air compressor eliani- 
30 her. may act direclly upon a piston 1 JO (big. 
T) lifted in a turned portum ot (he pipe in 
which the liquid moves. This small piston 
may be connected with a larger piston 111 
and the latter may mor e in an air coiupres- 
35 sor chamber it'd. 1 f and 1;> arc inlet and 
outlet, valves respectively lilted in the cham- 
ber and so,si( uatod that piston 111 in moving 
to its (op position closes both inlet and out- 
led and imprisons a cushion ol air in (he top 
40 of (he chamber. Similarly, when (lie pi-don 
moves to its bottom position, it closes the 
veins to tin' atmosphere U»8 and lot) and so 
cushions the air imprisoned in the bottom 
of the chamber and prevents thypisum strik- 
45 ing the chamber. The action of the appara- 
tus is precisely on the same lines as when 
liquid rises and falls m the. chamber, Ine. 
only dilfei'ouee being that, instead of the 
liquid rising and .shutting valve 1G in ehain- 
50 her G, to imprison an air cushion which 
stores the energy for reversing (he flow' ot 
liquid, piston I'Ll cuts oil communication by 
covering the inlet and outlet pipes in chain 
her 112*and thus imprisons an air cushion in 
55 the top of this chamber. The air cushion in 
the bottom of the chamber is not intended 
normally to come, into play as the lowest, po- 
sition to which the pi-ton normally reaches 
is that shown in Fig. 7. 

00 Throughout the present specification the 
elastic cushion which is compressed in the 
air compressor to furnish the energy for the 
rut urn flow of liquid has been spoken of as 
a cushion of air. hut it lias been shown in 
05 my application No. dbS,12(i tiled I'eb. 12, 


Lino, that m the ease of (he pump the clastic 
cushion may be obtained by a piston or valve 
in a branch chamber opening into the com- 
bustion chamber, that, side of the piston 
which is not presented to the chamber being 70 
acted upon by a spring or by compressed air 
or equivalent device. It is obvious that a 
similar method may be employed in emuiec- 
liou with the present invention without de- 
parting from the spirit, thereof. 76 

What I claim is: — 

1. The method of compressing air or other 
elastic fluid which consisfs in propelling a 
mass of liquid outwardly from a combustion 
chamber by the energy of expansion of an 80 
ignited combustible charge, allowing the 
said outwardly propelled mass to compress 
elastic fluid in a compression chamber, allow- 
ing some of the energy of this compression 

to cause the said mass to move inwardly to 85 
compress an elastic cushion in the combus- 
tion chamber and to cause an intake of elas- 
tic fluid in the compression chamber, allow- 
ing the energy of the compression of the 
cushion to cause, the mass to llow outwardly 90 
again to entrain a fresh eombuslible charge 
and compress the admit ied elastic fluid, and 
allowing t!u‘ energy ot the compression of 
(in' said admitted liuid to cause I lie mass to 
flow toward the combustion chamber to 95 
compress the fresh charge. 

2. The method of compressing air or 
other elastic liuid, which consists in pro- 
pelling a mass of liquid out wardly _ from a 
combustion chamber hv the energy of expan- 100 
si on of an ignited combustible charge, allow- 
ing the said outwardly propelled mass, while 

a portion of tin: liquid is raised toa height, to 
compress elastic liuid in a compression cham- 
ber, allowing some of the energy of this com- 105 
pression, aided by the liquid which has been 
elevated, to cause the said mass to move in- 
wardiv to compress an elastic cushion in the 
combustion chamber, and to cause an intake 
of elast ic fluid in I lie compression chamber, 110 
allowing the energy of the compression of 
I he cushion to cause the mass to flow out- 
wardly again to entrain a fresh combustible 
charge, and compress the admitted elastic 
liuid, and allowing the energy of the com- 115 
pi'es.'don of the said admitted liuid to cause 
the mass to return toward the combustion 
chamber to compress the. fresh combustible 
charge,. 

■>. The method of compressing air or 120 
olher elastic fluid which consists in propel- 
ling a mass of liquid outwardly from a com- 
las-tioii chamber to compress elastic Hu ul in 
a compression chamber, allowing some of 
tie energy of compression to cause, the said 125 
mass to move inwardly to compress an el as 
tic cushion in the combustion chamber and 
to cause an intake ol elastic fluid in the 
compression chamber, allowing the energy 
of the compression of the cushion to cause 130 
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the mass to (low outwardly again to entrain 
a fresh combustible charge and compress 
the admitted elastic fluid allowing the en- 
ergy of the compression of the said admit- 
5 ted iluid to cause the mass to liow toward the 
combustion chamber to compress the fresh 
combustible charge, and varying the volume 
of elastic Iluid compressed by varying the 
volume of liquid that is forced into the com- 
10 pression space'in the said compression cham- 
ber by the said energy of expansion. 

4. The method of compressing air or other 
elastic Iluid which consists in propelling a 
mass of liquid outwardly from a combustion 

15 chamber to compress elastic fluid in a com- 
pression chamber connected with the com- 
bustion chamber, allowing the energy of 
compression to cause the said mass to move 
inwardly to compress an elastic cushion in 
20 the combustion chamber and to cause an in- 
take of elastic iluid in the compression 
chamber, allowing the energy of the com- 
pression of the cushion to cause the mass to 
flow outwardly again to entrain a fresh com- 
25 buslible charge and compress the admitted 
elastic fluid, allowing the energy of the com- 
pression of the admitted Iluid to cause the 
mass to How toward the combustion chamber 
to compress the fresh combustible charge, 
30 and varying the volume of the air or elastic 
Iluid compressed by allowing liquid to be 
taken in and rejected during a cycle. 

5. The method of compressing air or other 
elastic fluid which consists in propelling a 

35 mass of liquid outwardly from a combus- 
tion chamber to compress elastic fluid in a 
compression chamber connected with the 
combustion chamber, allowing some of the 
energy of compression to cause the said 
40 mass to move inwardly to compress an elas- 
tic cushion in the combustion chamber and 
to cause an intake of elastic fluid in the 
compression chamber, allowing the energy 
of the compression of the cushion to cause 
45 the mass to flow outwardly again to entrain 
a fresh combustible charge and compress 
the admitted elastic iluid, allowing (he en- 
ergy of the compression of the admitted 
fluid to cause the mass to How toward the 
50 combustion chamber to compress the fresh 
combustible charge, and varying the volume 
of the elastic tlnid compressed by allowing 
some of the elastic fluid taken in to be re- 
jected again previous to compression. 

55 0. The method which consists in recipro- 

cating a column of liquid, with a velocity 
sufficiently limited to preserve the coherence 
of the column and having sufficient hulk 
and path of travel to acquire useful mo- 
tto mention, by applying the actuating force- 
of an expansible medium to each end of the 
column at required intervals respectively, 
and utilizing the pressure of the liquid col- 
umn due to the momentum it acquires in its 
85 reciprocating movements. 


7. The method which consists in recipro- 
cating a column of liquid with a velocity 
.sufficiently limited to preserve the coherence 
of the column and having sufficient bulk 
and path of travel to acquire useful mo- 70 
mention by applying the actuating force of 
an expansible medium to each end of the 
column at required intervals respectively 
and utilizing said momentum. 

S. The method which consists in recipro- 75 
eating a column of liquid with a velocity 
sufficiently limited lo preserve the coherence 
of the column and having sufficient bulk 
and path of travel to acquire useful mo- 
mentum by applying (lie actuating force of so 
an expansible medium to each end of the 
column at required intervals respectively 
and utilizing .said momentum to compress 
an elastic medium. 

SJ. The method of compressing elastic fluid 85 
which consists in reciprocating a body of 
liquid, the first outward movement of said 
reciprocation being due to the expansive 
force of an ignited combustible charge, uti- 
lizing the momentum of said outward move- 90 
meat to compress the elastic fluid and to 
deliver a portion thereof, utilizing the ex- 
pansion of the remaining compressed fluid 
to cause a return movement of the liquid 
and automatically regulating the pressure 95 
of compressed fluid at the discharge, during 
(lie curlier cycles until normal pressure con- 
ditions are established. 

10. The method which consists in recip- 
rocating a column of liquid with a velocity 100 
.sufficiently limited to preserve the coherence 

of I he column and having sufficient volume 
and [jalli of travel to acquire useful mo- 
mentum, one outstroke movement of said 
reciprocation due to an expansive force uti- 105 
lizing said momentum of said outstroke to 
compress an elastic fluid and deliver a por- 
tion thereof. 

11. The method which consists in recipro- 
cating a column of liquid with a velocity HO 
sufficiently limited lo preserve the coherence 

of the column and having sufficient volume 
and path of travel to acquire useful mo- 
mentum. one outstroke movement of said 
reciprocation due to an expansive force, utn 115 
lizing (lie momentum of said outstroke to 
compress an elastic fluid and deliver a por- 
tion thereof, and utilizing the energy of 
another portion of said compressed elastic 
Hu id in causing a return movement of the 120 
liquid. 

12. The method which consists in recip- 

rocating' a column of liquid of sufficient 
volume and path of travel to acquire use- 
ful momentum, one movement of said re- 125 
ciprocation due to an expansive force, uti- 
lizing said momentum to compress an elas- 
tic fluid and deliver a portion thereof and 
varying the amount of clastic iluid com- 
pressed. 130 
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lo. The method which consists in recip- 
rocatin';' a column of liquid of siiilicieut 
volume and path of travel to acquire, use- 
ful momentum, one movement of said rc- 
5 ciproeation due to an expansive force, uti- 
lizing said momentum to compress an elas- 
tic til i id and deliver a portion thereof and 
varying the amount, of elastic fluid com- 
pressed whije the expenditure ol initial cn- 
ll) orgy remains constant. 

1-1. The method of compressing elastic 
11 aid which consists in reciprocating a 
body of liquid, the lirst outward movement 
of said reciprocation being due to the ex- 
15 pansive force of an ignited combustible 
charge, utilizing the momentum of said out ■ 
ward movement to compress the elastic 
flnit [ and to deliver a portion thereof, uti- 
lizing the. expansion of the remaining eom- 
20 pressed fluid lo cause a return movement of 
the liquid, and introducing and discharging 
by regulalable means liquid tor controlling 
the volume of compressed elastic (1 1 1 i < 1 dis- 
charged. 

26 15. The method of compressing elastic 

(laid which consists in reciprocating a body 
of liquid, the first, outward movement of 
said reciprocation being due to the expan- 
sive force of an ignited combustible charge. 
30 utilizing the, momentum of said outward 
movement to compress the elastic fluid and 
to deliver a portion thereof, utilizing the 
expansion of the remaining compressed 
fluid to cause a return movement of the 
35 liquid, and introducing and discharging by 
regulatable means liquid for controlling the 
pressure -of compressed elastic fluid dis- 
charged. 

1(5. The method of compressing elastic 
40 fluid which consists in reciprocating a body 
of liquid, the first outward movement of 
said reciprocation being due to an expansive 
force, utilizing the momentum of said out- 
ward movement lo compress the elastic fluid 
46 and to deliver a portion thereof, utilizing 
the expansion of the remaining compressed 
fluid to cause a return movement of I lie 
liquid and introducing and permitting the 
escape by regulatable means of fresh olas- 
60 tic fluid for controlling the pressure or the 
volume of said fluid compressed and deliv- 
ered. 

17. The method of compressing elastic 
fluid which consists in reciprocating a body 
66 of liquid, the first outward movement, of 
said reciprocation being due to the expan- 
sive force of an ignited combustdde charge, 
utilizing the momentum of said outward 
movement to compress the elastic fluid and 
GO to deliver a portion thereof, utilizing the 
expansion of the remaining compressed 
fluid to cause a return .movement of the 


SS> 

liquid and utilizing measuring means for 
.securing the introduction into the combus- 
tion chamber at each cycle of a definite 65 
measured combustible charge. 

IS. The method which consists in recip- 
rocating a column of liquid of sutiicumt 
volume and path of travel to acquire useful 
momentum, one movement of said reripro- 70 
cation due Lo an expansive force, utilizing 
said momentum to compress an elastic fluid 
and deliver a portion thereof, and varying 
the pressure of compression of said elastic 
fluid. 75 

It). The method which consisls in recip- 
rocating a column with a velocity sufficiently 
limited to preserve the coherence of (he col- 
umn and having liquid of sufficient volume 
and path of travel to acquire, useful moincn- 80 
turn, one movement, of said reciprocation 
due to an expansive force, utilizing said 
momentum to compress an elastic, fluid and 
deliver a portion thereof and definitely 
measuring the expansible charge used in 86 
giving the initial movement of reciproca- 
tion. 

■20. The method which consists in recipro- 
cating a column of liquid of sullicient vol- 
ume and path of travel to acquire useful 00 
momentum, one. movement of said recipro- 
cation due to an expansive force, utilizing 
said momentum to compress an elastic fluid 
and deliver a portion, thereof, measuring 
(he expansible- charge, used in giving the 05 
initial movement of reciprocation and caus- 
ing a partial vacuum at the rear of the out- 
stroke introducing said charge to facilitate 
the. return stroke. 

21. The method which consists in recip- 100 
mealing a column of liquid of sullicient vol- 
ume and path of travel to acquire useful mo- 
mentum, one movement of said reciproca- 
tion due to an expansive force, utilizing said 
momentum to compress and discharge an 105 
elastic fluid, and maintaining a constant 
pressure at the discharge. 

22. The method which consists in recip- 
rocating a column of liquid with a velocity 
snllicienllv limited to preserve the coherence 110 
of the column and having sullicient volume, 
and path of travel to acquire useful momen- 
tum, one movement of said reciprocation 
due to an expansive force, utilizing said 
momentum to compress and discharge an 115 
elastic fluid and maintaining automatically 

a constant pressure at the discharge. 

Tn testimony whereof 'I have signed my 
name to this specification in the presence 
of two subscribing witnesses. 

II E It HE RT AJ-FRGD HUMPHREY. 

Witnesses: 

Waj.tei! ,T. Skf.kten, 

JosEni MlI.LAltO. 


Copies of this patent may be obtained for live cents each, by addressing tlio “Commissioner of Patents, 

Washington, I). C.” 
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Three positions on flywheel permit pressure/flow curve selection. 



MODEL 701 

\r; 

3 ECCENTRIC 
POSITION 
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X 




MODELS 801 & 803 

ECCENTRIC 
// POSITION 




FLOW (GPM) 


OSCILLATING ‘LOOP’ 
PUMPS MOST FLUIDS 


Unit can be throttled to zero, run dry 


MODELS 802 & 804 
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ECCENTRIC 

POSITION 




David J. Bak. East Coast Editor 


Englewood, CO — The relative mo- in the general direction of flow “In- 

tton between this pump's tubular ertia” carries fluid to the outlet. 


housing and the fluid contained in 
that housing creates a pumping ac- 
tion free of pistons or impellers. The 
housing, a fluid-filled loop, oscillates 


Manufactured by Horst Dynamics 
Inc., the pump comprises the hous- 
ing. a drive motor, and connecting 
rod. The latter, eccentrically posi- 



tioned on the motor flywheel and 
fixed to the housing's lower h if, 
generates the oscillating motion 

The housing comprises an av,. ily 
aligned inlet and outlet, right left 
flow paths, and two check salves — 
one for each flow path. The assem- 
bly pivots around the centerline of 
the inlet/outlet ports. 

In operation, the connecting rod 
moves the bottom portion of he 
housing back and forth at 18 (H) c\ es 
per minute. When the housing ao el- 
erates clockkwise, the column of 
fluid in the loop’s left half is acceler- 
ated with the loop outlet. When the 
housing changes direction and moves 
counterclockwise, fluid in the right 
half is accelerated. 

Pressure fluctations just down- 
stream of the valves open and c se 
the two check valves. The valves, in 
turn, provide free inlet flow to each 
half of the loop. 


Pump components. Unit pivots 
about centerline of inlet port Con- 
necting rod, eccentrically osi- 
tioned on flywheel, transmr os- 
cillating motion. When loo ac- 
celerates clockwise, fluid in left 
half accelerates. When loop de- 
celerates, inertia pumps fluid to 
outlet. Housing’s right half oper- 
ates in the same manner. 


112/Design News/7-16-84 
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Acceleration forces the fluid col- 
umn against the downstream side of 
the check valve, blocking inlet flow. 
Inertia carries the column from the 
valve to the outlet during decelera- 
tion. Downstream pressure drops 
below inlet pressure, and the check 
valve opens. 

Because of overlapping pump cy- 
cles, delivery is uniform and uninter- 
rupted. Outlet flow may be throttled 
any amount without damaging the 
pump — even down to zero. Unlike 
positive-displacement pumps, no by- 
pass or relief valve is needed. Unlike 
centrifugal pumps, the fluid will not 
heat up. 

The pump may also be run dry. 
There are no dynamic seals to burn 
out; no shafts or bearings cooled by 


the pumped medium. The only mov- 
ing parts are the check valves. 

Self-priming and inherently effi- 
cient, the pump handles fluids with 
viscosities up to 2000 cps. The only 
significant losses are the pressure 
drop across the check valves, and the 
energy required to oscillate the hous- 
ing. 

Units are available in CPVC or 
stainless steel. 

Additional details Contact Wil- 

bur J. Shaffer, Horst Dynamics 
Inc. ,3960 S. Kalamath, Englewood 
CO, 80110, 303-761-6309. □ 


Did you find this article interesting? If 
so, let us know. Circle No. 846 



Self-priming to 8 ft, unit handles 
most fluid mediums. Motor HP re- 
quirements are not affected by vis- 
cosity. (Inventor with pump). 


Different size pump elements 

alter pump capacity. Motor speed 
(1750 rpm) remains same. ► 
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S ERIOUS problems of irri- 
gation and rural water sup- 
ply may shortly be solved 
by an extraordinary apparatus 
recently perfected in England, 
which automatically raises 14 
gallons of water from a stream to 
a height of 20 feet in a little lees 
than three minutes, without the 
use of pumps or any source of 
power other than what nature 
furnishes. This device, aeeming 
at first glance something like per- 
petual motion applied to water, 
and called by its inventor, T. G. 

Allen, a “hydrautomat,”or “water 
staircase, ” is hailed by engineers 
as marvelously ingenious. It is an 
extraordinary improvement on the 
hydraulic ram commonly used. 

Two Energy Sources Used 

In all the centuries in which 
men have attempted to make 
nature serve them through two 
sources of energy — the weight of 
a column of water and atmos- 
pheric pressure — no such radical 
invention has been recorded. 

Using these two forces, the ex- 
perimental “water staircase” — 
erected near London — is said to 
operate with extraordinary effi- 
ciency. It consists of an alternat- 
ing series of open and closed tanks, 
one above the other, the action of 
which is to use the energy of a 
quantity of water at a given level 
to raise a smaller quantity of 
water to a higher level. 

The stream from which the 
power is derived, empties into an open in- 
take tank located 7 feet above the lowest 
level of the device. Thus there is an avail- 
able fall of 7 Yi feet from the upper level of 
the stream, which may be termed the head 
race, to the lower level, or tail race. Half- 
way between the upper and lower levels is 
an airtight operating chamber, supplied 
with an intake pipe from the head race, 



AIR CHAMBER 



In the hydraulic ram 
(•bore), some of the water 
is forced through a clapper 
valve into an air chamber, 
compressing the air. This 
closes the valve and forces 
the water to a higher level 



Water “Lifts Itself’ 


WXHARGE PtPf 


Arrangement of alternating open and closed tanks, one above 
the other, in the experimental “water staircase,” installed 
near London, England, is shown above, while the diagram at 
the right explains how water, with the aid of air pressure, is 
made to “lift itself by its bootstraps” to twice the height of 
its original level 


and a discharge pipe to the tail race. Above 
the upper water level is the alternating 
series of closed and open tanks. These 
tanks are interconnected by pipes. In ad- 
dition, the closed tanks are coupled to the 
operating chamber by an air pipe. 

Operation of the "water stairway” is 
confined to two strokes — a pressure stroke 
followed by a suction stroke. The pres- 


sure is created by the 
water column flowing 
from the open supply 
basin just below the level 
of the head race into 
the airtight operating 
chamber. 

The effect of this 
water flow is to compress 
the air in the operating 
chamber and to force it 
upward through the air 
pipe into the two closed 
and water filled tanks. 
Immediately the water 
in these tanks, lifted there by the 
preceding stroke, is forced upward 
into the two open tanks above 
them. 

Thus at the end of the pressure 
stroke, the operating chamber and 
the two open tanks are full of 
water, while the two closed tanks 
are full of air. 

How ihe Water “ Climbs ” 


In the suction stroke the con- 
tents of the operating chamber are 
discharged downward into the tail 
race, or discharge pipe, through a 
siphon, and at the same time the 
inlet from the head race into the 
operating chamber is automati- 
cally closed. This is accomplished 
by a valve actuated by the rush of 
water out of the discharge pipe. 
In the operating chamber is thus 
produced a vacuum that also ex- 
tends to the two closed tanks, by 
virtue of the connecting pipe. 

The result of this vacuum is 
that it sucks up the water “one flight” from 
the corresponding open tank below. Thus, 
at the end of the suction stroke, the open 
tanks are empty of water and the closed 
tanks are full. The valve in the head race 
inlet then opens automatically, pressure 
water is admitted into the operating 
chamber, a new pressure stroke starts, and 
the cycle is repeated. 


Compressed Air Drives Hand Shovels into Hard Ground 



H AND shovels driven by air are greatly 
facilitating the digging of tunnels and 
other types of excavations with less 
fatigue to the laborers. These shovels are 
particularly successful in cutting up hard and 
soft clays, or wherever the ground is not hard 
enough to warrant drilling and blasting. 

Spade Operated by Air-Drioen Piston 

The operation is practically the same for all 
types of these shovels. The spade is inserted 
into a cylinder forming the lower end of the 
shovel handle. In this cylinder a piston 
driven up and down by the jet of compressed 
air strikes the end of the spade shank and 
gives it an impulse that drives the blade into 
the hardest earth. 

To prevent shock to the hands of the laborer 
in case the shovel is not in contact with the 
ground when air ic admitted to the cylinder, a 
spring on the top of the spade shank absorbs 
the blow. 

These shovels have shown surprising adapt- 
ability to underground work where space is 
at a minimum or where the necessity for 
speed demands the labor of several workmen 
in small spaces. 
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PKtroihi Panip. Bjck to the early I930*s Edward 
Kunkel became m4< rened ia how the great pyTimldi 
were built. In the course of his research over the 
years, astonishing indications and facts were 
uncovered. The evidence all pointed to the fact that 
the great original pyramid waa a giant water pump, 
and ail the chambers were exacting parti for its 
functioning. Working models of this pump design 
proved the Kunkcls contentions from the '40 s to the 
‘60's. Despite a U S. Patent and overwhelming logical 
and physical evidence, the inventor was ignored. 
Dozens of government agencies, research centers, 
and universities were contacted and failed to show the 
slightest interest. Finally Kunkel prinird a little book 
on the whole subject. It told how the pyramid was 
really built, how a phenominal amount of water was 
pumped at practically no cost, and how each portion of 
this amazing pump functioned. When, with even the 
slightest effort, such a pump design could furnish free 
water to the parched lands and peoples of the world, 
the author could not explain its rcjectiorw 

(>>■ Boo k : 

$17.50 ♦ $2.50 postage it handling. 
David French, POB 2010 - CET, 
Sparks NV 89U32 USA 


Sketch of Edward J. Kunkle’s "Pharoah’s 
himp," U S. Patent 2887956; a practical theory for the hy- 
giulic engineering process possibly used in building the Great 





110 


United States Patent Office 


2 , 887,956 

Patented May 28, 1959 


1 


HYDRAULIC RAM PUMP 
E d w ar d J. Kunkel, Warren, Ohio 
Application January 3, 1955, Serial No. 479,421 
4 Claim*. (CL 103—77) 


This invention relates to a pump, more particularly a 
run pump. My invention provides economy in pump 
operations and movement of liquid containing fine solid 
matter without undue damage to the working parts of 
the pump, and the principal object of this invention is to 
provide new and improved pumps of this character. 

Whereas the common water ram is actuated by the start- 
ing or stopping of a waste flow which is diverted into a 
chamber cf compressed air and locked in by a check 
valve, the compressed air forcing the water in the ram to 
a higher level, my improved ram pump is not actuated 
by the wasting of water, but rather by the changing of 
air pressure on the surface of an upright water column, 
which is done by producing a vacuum on the top of the 
column, the changing pressure causing an up and down 
movement of the water column. 

The downward movement of the water in the tube 
containing the water column is limited by a buoyant flap 
valve disposed within the tube. When the water is at rest 
the flap valve remains open, but a downward movement 
through the tube closes the flap valve, thus trapping water 
above the valve. 

The water tube is connected to a submerged diagonal 
tube, and the column of water in the diagonal tube is sup- 
ported by a cushion of air. An upward movement of 
wa'er through thv water tube causes the column of water 
in the diagonal tube to be set in motion. The com- 
pressed air cushion absorbs the energy developed by 
the downwardly moving diagonal column of water and in 
turn forces the water in the water tube to a higher level 
to as to discharge such water into a diagonal tube above 
the ground WhsrsH the head in lb* common water 
tarn is constant, the head in the diagc.ial tube above the 
surface must be constantly built up, since it discharges 
itself during each cycle. If the head in the diagonal tube 
above the surface is too lo v to discharge, another cycle 
of operation will build it up to a height that it will dis- 
charge to a predetermined level. It should be noted that 
the length of the lower or submerged diagonal tube is 
equal to or or greater than the vertical height of the 
pump. 

The design and operation of my improved ram pump 
embodies the economy of operation of the common water 
ram which uses the force of gravity to do work and my 
improved pump may be used in situations where it is im- 
possible to use the ordinary ram pump. For example, 
the ordinary ram pump will not work at a level where 
the waste water cannot drain away and its uses are thus 
limited. 

My improved ram pump may be installed in a stream 
or reservoir and take water from it, and should be quite 
useful in supplying irrigation canals, providing cheap 
water for the culture of rice, and removing excess water 
in regions where there is a superabundance, such as in the 
Netherlands. My improved pump may also be used in 
regions where the water is extremely turbitf and is laden 
with sludge and abrasive silt, without the necessity of 
constant maintenance and replacement of its moving parts. 
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Fhysical facts and cahmlatfons point ont that in a pump 
of my improved type, the efficiency i nc rea a cs in a geo- 
metric ratio srith the pump size, a limiting factor being 
that as the size increams the solubility of air in water 
g increases also, due to the extremely high air pressures thsl 
come in contact with the tnrbnlent water. 

As an example, a diagonal tube an inch square and 60 
inches long with a pitch of one toot fall or every two 
linear feet exerts a static pre ssure of one pound on the 
10 bottom of the tube; a ratio of one pound to 60 cubic 
inches of mass. But, if every dimension is multiplied by 
2. the ratio is 2 pounds to 480 cubic inches of miss; if 
the dimensions sre multiplied by 4, the ratio is 4 pounds 
to 3840 cubic inches of mass; and so an. 

15 In the drawing accompanying this speci fi c a tion and 
forming a part of this application, there a shown, far pur- 
poses of illustration, an embodiment which my invention 
may, and in this drawing the single figure dis cl o se* my 
improved ram pump in schematic form. 

Z0 The improved ram pump herein disclosed comprises 
two tubes 24 and 4, the tube 24 being the lower one and 
being submerged below the level of a body of water W, 
and the tube 4 being the upper one and being disposed 
above the level of the body of water. Each of the tubes 
25 24 and 4 is disposed at an ipdination to the horizontal 
and may be termed a diagonally disposed tube. Each 
tube is preferably rectangular in crasa-scction and the 
tubes are disposed one above the other and their respec- 
tive lower ends are connected by an upright conduit 22. 
SO The tube 4 has sn opening 1 at itt upper end which is 
adapted to be connected to means A for establishing a 
vacuum in the tube 4. Such means may take the form 
of a standard motor-driven vacuum pump and therefore 
need not be described in detaiL The tube 4 is also pro- 
35 vided with an opening 3, controlled by a valve 3e, for 
selectively admitting air under atmospheric pressure to 
the tube. 

The tube 24 is substantially uniform in cross-section 
except at a lower horizontal potion 25, which latter por- 
40 tion is reduced in cross-section. Near its upper end. the 
tube 24 is formed srith an enlargement 60 in which is 
disposed a hinged check valve 25. The eniarvement is at 
sufficient size to permit the valve to swing upwardly to ha 
completely open position and to thus permit water to 
.. freely enter the upper end of the tube 24 and flow down- 
40 wMidly therein. The check valve 25 Is moved to closed 
position, against a force normally biasing the valve to open 
position, by water tending to flow in a direction upwardly 
of the conduit 24 and therefore acts to autnsnatiraily pte- 
«- vent upward discharge of the water from the tube 24. 

Two large air compression chambers 9 sad 32 are dis- 
posed adjacent to and are in communication with respec- 
tive lower ends of the tubes 4 and 24. The chambers 
may be formed by say suitable means and therefore their 
„ specific construction need not be de sc ribed. 

An auxiliary sir com pre ss ion chamber 40 rommumcaiea 
with one end of the chamber 9 through an opening 49m 
and the other end of the auxiliary chamber 40 communi- 
cates with the lower end of ths tube 4 by means at a 
M small conduit 6. A conduit 13 establishes communica- 
tion between conduit 5 and the at m osphere whereby any 
reduced pressure within the tnbe 4 or the com p ressi on 
chamber 9 may be relieved at will by pro p er manipuiatiaa 
of a valve 12 interposed within the co nd ui t 13. 

„ A water discharge pipe 15 is in commun i cati on with the 
chamber 9 for discharging water therefrom, the discharge 
from pipe 16 being controlled by a valve 17. A check 
valve 7 in the auxiliary c om p ressi on chamber 40 perm it! 
Bow of water from tube 4, through pipe section 6 and to 
.. air cotnpreseior chamber 9, hot prevents e reversal at 
water flow. 

Use lower horizontal portion 30 of lower tnbe 24 
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communicates with one end of an auxiliary air compres- 
sion chamber 31, the other end of the latter communicat- 
ing with the chamber 32 through an opening 49. An up- 
right pipe 33 communicates with the chamber 32 and is 
connected with a source of compressed sir C, a valve 42 5 
controlling flow through the pipe 33. The valve 42 may 
be opened to supply air under pressure to the chamber 
32 when necessary. 

An upright pipe 25 b in communication with the lower 
horizontal portion 30 of the lower tube 24 and a disk 10 
check valve 29 in the tube permits a low pressure con- 
dition within the portion 30 to unseat the valve 29 and 
provide for flow of air under atmospheric pressure to the 
portion 30. The chamber 32 may have a valve-controlled 
clean-out conduit 37 at its lower end to provide for selec- 15 
live flushing of the chamber of dirt and silt. 

The lower tube 24 has a side opening 22a for communi- 
cation with the lower end of the conduit 22. An enlarge- 
ment 23 is formed in the upper portion of the conduit 
22 and a hinged, buoyant valve 51 is disposed within the SO 
enlargement. The valve is in the open position shown 
when the water in the pump is at rest, and is automatically 
moved to closed horizontal position when water flows 
downward through the enlargement 23. An apertnre 52 
in the valve 51 provides a bleeder bole to prevent the 25 
buoyant valve from being locked in closed position. The 
aperture also reduces water hammer in the conduit 22. 

In operation, and assuming water has entered the tube 
24 and stands in conduit 22 substantially level with the 
level of the water body W, when pressure is reduced in 30 
tube 4, as by operation of the vacuum pump A, water 
from conduit 22 will rise in tube 4, thus providing for 
further water flow into tube 24 and conduit 22. 

The energy of the water flowing downwardly in tube 
24 is absorbed by compression of the air in chambers 31 35 
and 32 and, since the valve 25 prevents unward flow of 
water in tube 24, the air pressure in chambers 31 and 32 
therefore acts on the water in conduit 22 to urge the 
water upwardly into tube 4. 

The operation of vacuum pump A may be in timed rela- 40 
tion with operation of other portions of the pump so that 
air pressure in tube 4 is reduced to draw water into the 
tube to a predetermined level, whereupon the valve 3a is 
opened to admit air under atmospheric pressure to the 
tube. Such action causes the level of the water in tube ** 
4 to drop but as the column of water tends to move down- 
wardly, the valve 51 is thereby closed so that the lowering 
level of water in 'obe A flews iatoxtiUmbcrs 9 and 46 and 
compresses air in the upper portions thereof. 

When valve 17 b opened, the compre s sed air in cham- 
ben 9 and 40 will expell the water from the ebamben so 
that it may be directed to good use by the conduit 15. 

As water b drawn upwardly into tube 4 by reduced air 
pressure therein, it anil be appreciated that water will flow 
from the body W downwardly into tube 24 so that there 
b a constant rise and fall of the water column in conduit 
22, with the fall being interrupted by closing of the valve 
51 to divert the falling water into the chamben 9 and 40. 

In view of the foregoing it will be apparent to those 
skilled in the art that I have accomplished at least the w 
principal object of my invention and it will also be ap- 
parent to those skilled in the art that the embodiment 
herein described may be variously changed and modified, 
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without departing from the spirit of the invention, and 
that the invention is capable of uses and has advantages 
not herein specifically described, hence it will be appre- 
ciated that the herein disclosed embodiment b illustrative 
only, and that my invention b not limited thereto. 

What b claimed b: 

1. A ram pomp, comprising two elongated tubes, each 
positioned at an angle to the horizontal and said tubes 
being disposed one above the other, means for establish- 
ing a vacuum in the upper of said tubes, a conduit con- 
necting respective lower ends of said tubes, the upper 
end of said lower tube being in communication with a 
head of water, a first check valve in the lower tube per- 
mitting flow of water from said head downwardly in said 
lower tube, said check valve automatically closing to pre- 
vent return flow of water, a first air compression chamber 
means communicating with the lower end of said lower 
tube, flow of water downwardly in said lower tube acting 
as a piston to increase air pressure in said chamber means 
to an amount to reverse the flow of water and thereby 
dose said first check valve, thus water thus trapped in said 
lower tube being elevated through said conduit by the air 
pressure in said chamber means to enter the lower end 
of said upper tube, a second check valve in said conduit 
and permitting water flow through said conduit and into 
Hid upper tube and preventing return flow of water 
through said conduit when the pressure of air in said 
chamber means b insufficient to force water through 
said conduit, a second air compression chamber means in 
communication with the lower end of said upper tube, air 
being compressed in said second air compression chamber 
means by the head of water trapped within said upper 
tube, a liquid discharge outlet in communication with said 
second air compression chamber means, and means inter- 
mediate and in communication with Mid second air com- 
pression chamber means and the lower end of said upper 
tube for controlling discharge of water. 

2. The structure of claim 1 wherein Mid lower tube 
has an enlargement adjacent to its upper end, a hinged 
cheek valve within said enlargement and hanging verti- 
cally when in closed position, an criflce in the side wall 
of said lower tube adfacent its lower end io establish com- 
munication with said conduit, and Mid lower tube having a 
reduction in cross-section adjacent to its lower end. 

3. The structure of claim 2 and further including an 
auxiliary air compression chamber means in communica- 
tion with Mid first air compression chamber means and 
with the lower end of said lower tube and positioned 
therebetween. 

4. The structure of claim 3 and further including a 
short horizontal tube establbbing communication be- 
tween the lower end of Hid lower tube and said auxiliary 
air compression chamber meant, an air tube communicat- 
ing with and for admitting air into said short tube, and a 
third check valve for controlling flow of air through said 
air tube. 

Inferences died in the file of this patent 
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An hydraulic ram is a pump in which the momentum oj a driving stream of water 
undergoing a small head drop is used to pump a small portion of the stream to a head 
considerably greater than that of the supply. An attempt has been made to identify the 
features of the ram; the drive head and flow, the discharge (or pump) head and flow, 
the cycle frequency , and the system efficiency. Analytical results are expressed in 
terms of the ratio of the maximum drive velocity at drive valve closure to the maximum 
steady slate velocity with the drive valve wide open. This ratio is always less than one. 
Comparison of the analysis with experimental results gives a numerical correlation 
of heads and flows. The cycle frequency and system efficiency are not predicted with 
great accuracy, but the trends are predicted correctly. 


Introduction 

The hydraulic ram is a rather unique pump, consisting only 
of pipes and two disk valves. The ram operates with a drive flow 
from a low head to deliver a pumped flow to a much higher 
head than the drive flow head. The flows are intermittent and 
once started, the ram operates continuously with no other ex- 
ternal input. 

One usual application of the ram is in a stream with a low 
head dam to utilize the head drop of a few feet for the drive flow. 
The pumped flow is then delivered to many feet above the stream 
for water supply to a tank for domestic and irrigation purposes. 
No electrical or other energy supply is needed; the low head is 
the drive energy. 

There have been many attempts to predict the performance 
of the ram; a few are listed in the references 1 1 *4 j . 1 But, for the 
most part, the analyses are very complex, including water- 
hammer effects, head loss details, and related effects. 

This now-proposed analysis does include the effects of water- 
hammer and head losses, but in such a simplified form that all 
effects result in simple dimensionless ratios from which the ram 
performance is completely identified. 

The Hydraulic Ram Action 

The hydraulic ram is a pump in which the momentum pro- 
duced by a flow from a low head is used to pump fluid to a head 
higher than that of the supply. There are only two moving parts 
of the pump, a drive valve and a pump valve, I'ig. 1, both of 
which operate automatically from the fluid dynamic actions of 
the pumping cycle. 


‘Numbers in bracket* designate References at end of paper. 

Contributed by the Fluids Engineering Division for publication in the 
Journal of Fluids Engineering. Manuscript received at ASME Head- 
quarters, January 3, 1975. Paper No. 75-FE-F. 
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The pumping action can be understood by considering the 
following sequence of events: 

(a) Both drive valve and discharge valve are closed, the 
drive valve is held closed by the pressure from the supply head, 
II, and the discharge valve is held dosed by the pressure at the 
pump discharge. 

(t>) The pumping action is initiated by forcing the drive valve 
away from its seat. The pressure at (2) then becomes essentially 
atmospheric. (Uuler the action of the head, II, the fluid m the 
drive line is accelerated, flowing out around the drive valve to 
a stream at a lower level. 

(c) With proper design of the drive valve, the drive valve 
will close automatically at some flow velocity past the valve 
which will produce a pressure distribution sufficient to overcome 
the weight of the valve. The closure will bo very rapid. 

(d) The sudden closure of the drive valve initiates a pressure 
at the drive valve that is larger than the static supply head pres- 
sure. This pressure opens the discharge valve. 

(e) The inertia of the tlowing mass of fluid in the drive line 
maintains the flow against the pump discharge head (or pressure 
in the discharge surge tank) but with decreasing velocity due to 
the retarding force of the discharge head which is greater than 
the supply head. During this pumping interval with decelera- 
tion of the flow in the drive line, the pressure in the region of 
the drive valve is approximately the discharge pressure, thus 
keeping the drive valve closed. 

(/) When the flow velocity through the discharge valve be- 
comes zero, the discharge pressure reverses the flow through the 
discharge valve and also in the drive line. The flow reversal 
closes the discharge valve. 

(g) Since the flow in the drive line is now moving toward the 
supply reservoir, and the discharge valve is closed, the pressure 
in the region of the drive valve decreases rapidly until the com- 
bined effect of the atmospheric pressure acting on the drive 
valve and the weight of the drive valve and the internal pressure 
acting on the drive valve produces a net force to open the drive 
valve automatically. (Note here thatj the drive valve was forced 
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open in part (b) of this description to initiate the sequence of 
events. However, once the series of events has taken place, 
the drive valve opens automatically without any external 
stimulus.) 

(h) When the drive valve opens, the pressure in the drive 
line in the region of the drive valve becomes atmospheric. The 
supply reservoir head then acts to decelerate the back flow to 
zero velocity, and then to accelerate the flow for the start of 
another cycle as in (6). 

With the usual rapid action of opening and closure of the drive 
valve and the discharge valve, pressure pulsations are super- 
imposed on the major effects of steady pressure differences and 
fluid column inertia. These pressure fluctuations produce com- 
pression waves and superimposed velocity changes with propaga- 
tions at the sonic velocity. When all effects are considered, the 
detailed analysis becomes quite complex. 

However, an approximate analysis may be made assuming 
that the pressure and velocity fluctuations tend to produce 
average effects caused by the supply reservoir head, atmospheric 
pressure in the drive line at the drive valve when the drive valve 
is open, and the discharge head in the drive line when the dis- 
charge valve is open. 

Pressure and Velocity-Time History 

High-sensitivity recordings of pressure-time histories of the 
pressure in the drive line at the location of the drive valve sup- 
port the approximations of averaging the fluctuations, Fig. 2. 
The velocity-time history can be deduced from the pressure-time 
history and the force-inertia interactions, Fig. 3. The letters 
identifying features of the velocity refer to events as described 
in paragraphs (a) to (A). 

Pump Performance 

Since the drive line is a necessary feature of the pumping 
action it must be considered part of the pump. The pump then 
is the system from (0) to (4) in Fig. 1. 

Although both the drive flow and the pumped flow are inter- 
mittent, average flow rates can be defined from the total volume 
of the drive fluid and the total volume of the pumped fluid over 
the time of a large number of cycles. 

The drive fluid, uses the head, //, from (0) to (3). Thus the 
mechanical energy used to drive the pump is 

P T = QtwII (1) 

where Qt is the average flow rate through the drive valve. 

The pumped fluid is originally at the surface elevation of the 
supply reservoir, z 0 . The discharge head is the combination of 
pressure head and elevation in the discharge surge tank, or 
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Fig. 1 The hydraulic ram 



TIME 


Fig. 2 Typical maasurad prasiura-tlma hlitory bafora tha drlva valva 



Fig. 3 Daducad valoclty-tima history In tha drlva Una 


The pump head is then 

A = + Z( — zo (3) 

w 

in which p t is the gage pressure since the pressure at (0), which 
is atmospheric, is taken as zero. 

The mechanical energy rate added to the pumped fluid is 

Pp = Qpwh (4) 

where Qp is the average flow rate through the discharge valve 
into the surge tank and then into the discharge system. 

The efficiency follows, 


h t 


P* 

w 


+ z< 


( 2 ) 


Pp Qpwh Qpk 

Pt QtwII QtH 


' Nomenclature 

A - cross-section area of flow 
D ** diameter 
t = efficiency 
/ *■ friction factor 

g =■ gravitation attraction per unit 
mass 

A - pump head 
H — drive head 
K — head loss coefficient 
L - pipe length 


M =■ combined drive flow head loss 
factor 

N = combined pump flow head loss 
factor 
p ■» pressure 
P = power 

Q = volume rate of flow 
t — time 

V = average velocity 
u) => weight per unit volume 
z =* elevation 


Subscripts 

0, 1, 2, 3, 4: flow positions (Fig. 1) 
d = drive valve loss coefficient 
e = entrance loss coefficient 
m = the drive line velocity when the 
drive valve closes 
p = pump valve loss coefficient 
P = pump identification 
a = steady-state drive valve velocity 
with the drive valve wide open 
T =» drive identification 
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interesting analogy can be made. The drive fluid could be 
... j n a turbine to obtain a shaft power output utilizing the 
^ flow rate Qt and the head, H. With the turbine output driving 
mechanical pump furnishing the flow rate Qp at the head, h, 
similar effect would be obtained as is obtained with the hy- 
draulic ram. The efficiency of the turbine-pump combination 
#ould be given by equation (5). A direct comparison of the ef- 
ficiencies of the two different systems would be of interest. 

Analysis 

With the assumption that the effects of the short period pres- 
sure fluctuation can be ignored, the hydraulic ram can be analyzed 
considering only the time dependent effects caused by the aver- 
age drive head and the average discharge head. 

Also, since it is judged that almost all of the period of a com- 
plete cycle of events is composed of the period of the acceleration 
of the drive flow from zero velocity to the velocity at which 
closure of the drive valve takes place and the period of decelera- 
tion of the pumped flow from the time of simultaneous opening 
of the discharge valve with closure of the drive valve until the 
pumped flow velocity reaches zero with closure of the discharge 
valve, this period will be taken as the complete cyclic time in- 
terval. In effect, the time from (/) and ( g ) to (h) will be ignored. 
Thus the cycle is reduced to two intervals, the drive flow ac- 
celeration interval from (6) to (c), and the pumped flow interval 
from (c), or (d), to (/). These time-dependent flows which may 
be treated by means of the usual one-dimensional unsteady flow 
approximation, 

dp W dV di 


With constant friction factor and constant diameter of the drive 
line between (1) and (2) 


Pi - P, 


H - M 


Y 1 

2 g g dt 


Similarly, for the discharge interval (c) to (/), between (1) and 

( 2 ) 

P. - P, , , L V* L dV 

+ Zi — zi — / rrr - =* —-7— (13) 

w D2g g dt 

Between (0) and (1) 

Po - Pi IV IV V? 

+ zo - z. + — - — - K. ~ = 0. (14) 

w 2 g 2 g 2 g 

Between (2) and (4), assuming a short length of line, and with a 
discharge valve coefficient Kp in terms of the velocity V t , 


Pi - Pi , IV V? 

-f Z| — z, -f — — - — 
U) 2g 2g 


0 (15) 


Adding equations (13), (14), and (15), noting that p 0 =* 0> 
To = 0, and Vi - V, « V, 


Pi / A 

— + t, — z, — — ( f - + K, + K t 
w 2g \ D 


V t in equation (16) is the velocity existing from the discharge 
valve and can be expressed in terms of the drive lino velocity. 


AiV t = AV 


Equation (16) then becomes, 


+ Zo — Zi 


( A 1 L 

(a? +f D 


-)- A^ « -f- K p | 

D P J2g 


+ *1 ~ Zl 


Between (0) and (1) the mass of the fluid being accelerated can 
be taken to be small compared to the mass of the fluid in the 
drive line. The steady flow equation then applies with an 
entrance loss coefficient K, 


Po - Pi 


17 

*' + 2 0 


For the drive flow interval U, to t c , the drive valve is assumed to be 
fully opened, with a loss coefficient A'„. Abo, the mass of fluid 
accelerating between (2) and (3) is small compared to the mass 
of fluid in the drive line. The steady flow equation applies, 

Pi - P. W V, 1 IV 


Adding equations (7), (8), and (9), noting that Po 
and Vt ~ 0, and Vi =* V t = V gives 


Pi = 0, 


v Yl(& 

2 g 2 g\D 


+ K, + Kd ) = 


Furthermore, Kj can be expressed in terms of the general V in 
the drive line, A t Vi = AV where A is the area of the drive line. 
Also, z 0 — zj *= H. Then the equation for the drive flow interval 
becomes 


H- (* 

\A*' 


+ K. -f Kt 


defining, M 
becomes 




+ A', + K d , then equation (11) 


From equation (3), h = — + zt — 

w 


Defining 


N = h + * l + A '* + K > 


equation (18) is then 


h - N 


_ L dV 
2 g g dt 


Equations (12) and (20) can be solved for the time intervals of 
the drive flow and of the discharge flow. 


Drive interval = t c — A 


/ 21? y* , , / mvj y* 
” ( gUM ) Unh { ) 

(2 

/ 21? y / nvj Y‘ 

~ U ~\ghs) Un (2 gH ) 


Discharge interval = 1/ — 1, 


In equations (21) and (22), V m is the maximum velocity in the 
drive pipe which occurs when the drive valve closes and the dis- 
charge valve opens. The flow volume in each time interval is 
obtained from equations (21) and (22). 


AVdt = 


V. C AV LdV 
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(Vol)/< 


U AV ‘-'J 


AV 

9 


LdV 


(*- 5 ) 


(24) 


Integrating equations (23) and (24) 
LA 


(Vol)r = 


(Vol)p = 


M 


LA 

~N 


log 


log 


1 


1 - 


MVJ 

~2gH 


NV m ‘ 

2gh 


+ 1 


(25) 


(26) 


The volume ratio per cycle is also the flow rate ratio since the 
volumes may be averaged over the total time of a cycle. 


Qp 

Qt 


(Voile 

(Vol)r 


/ NVJ 
M log \ 2ff/t 
N 1 Jg 



(27) 


If the drive valve was kept open until the drive line velocity 
reached the steady flow valve under the head, II, this steady 
flow velocity would be obtained from equation (12) with dV / 
dt = 0, and I V = 2gIl/M. With this definition equation (27) 
can be changed to the form, 


Qj 

Qr 


( XY N 11 
^ vYm h 




(28) 


The efficiency is 


Qp h. ( h 

Qt H \ H 


M 


N 



TV N_ H 
V .» A I h 



(29) 


the velocity, and has been taken as a constant. For minimum 
values of M and N, A/A,, A/A t , K p , and K d should be as small 
as possible. If these approach zero, or are small compared to 115 

L 

f — + K„ then M = N and M/N = 1. 


The performance can then be reduced to 



Using — as a parameter, the expected performance is obtained 


in generalized form as shown in the Figs. 4, 5, and 6. Of interest 
also is the cycle frequency. With M = N, 


cycles/s 
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The pumped flow rate is the pumped volume in a cycle averaged 

over the total time interval of a cycle. Test Results 



(30) 


Equations (28), (29), and (30) give the complete performance 
information for the hydraulic ram. 

The performance equations contain three ratios, V m /V„ 
N/M, and H/h. These may be reduced to two ratios, noting that 
M aqd N are approximately equal, 

\ A,) + / £ + K - + 

/d V L 

A - U) +fo+K- + K ’ 

Note that K, ~ 0.5, K p and K d are a; 1.0, A, and A, are ap- 
proximately the same areas. Also fL/D is the same for both M 
and A with the previous assumption that / is not dependent on 


Measured performance of a 2-in. commercial ram are reported 
by O’Brien and Gosline (o). Their results for two different dis- 
charge valve settings are compared to the approximate analysis 
in Figs. 7, 8, and 9. From Fig. 7 it is seen that the ram head 
versus discharge data are very well predicted by this approxi- 
mate analysis. From Figs. 8 and 9 it is seen that the ram el- 



Fig. 4 Generalized analytical performance of the hydraulic ram 
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Fig. 5 Generalized analytical performance of the hydraulic ram 
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Fig. 6 Ganerallzad analytical performance of the hydraulic ram 
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Fig. 7 Predicted and measured performance of a 2-In. ram 
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Fig. I Predicted and measured performance of a 2-In. ram 
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Fig. J Predicted and measured performance of a 2-in. ram 


ficiency and cyclic frequency versus discharge data are less well 
predicted, though the trends are in agreement. 

The results of a 12-in. ram are reported by Mead [6) with a 
supply head, //, of 48 ft. However, the steady state velocity 
was not given so a direct comparison of Mead’s data cannot be 
made for Figs. 7, 8, and 9. Nevertheless, the efficiencies reported 
are of interest. Mead’s data for a 12-in. ram are as follows. 


Pump rate 
Qp-cia 

Drive rate 
Qr-cfs 

Pump head 
A-ft 

Eff 

e 

cycles per irun 

0.555 

1.08 

82 

86.5 

65 

0 . 755 

1.53 

83 

85.6 

50 

0.846 

1.78 

85 

85.0 

45 

0.915 

1.91 

83 

83.3 

41 

0.930 

2.04 

85 

81.8 

40 

1.020 

2.04 

79 

83.4 

37 

1.080 

2.06 

87’ 

74.8 

32 


Other test results on a 10-in. ram show efficiencies of 90 percent 
(Mead [6)). 

If the best rotary turbine connected to the best rotary pump 
was to be designed for the same service the combined efficiency 
would be less than that of the hydraulic ram. For example, a 
turbine with an efficiency of 90 percent driving a pump with an 
efficiency of 90 percent would have an overall efficiency of 81 
percent — lower than reported ram efficiencies. 

JUNE 1 9 7 5 / 195 
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Operational Features 

The analysis and the trends of the test results indicate that 
best performance is obtained when the drive line velocity at 
closure of the drive valve is as small as possible consistent with 
continuous reliable operation of the ram. The drive valve, and 
the discharge valve, should be so designed that closures and 
openings are rapid. Since stoppage is against the valve seat on 
closure, or against a retainer on opening, these surfaces should 
be cushioned with hard rubber or other suitable material to 
absorb the stoppage shocks. 

The analysis does not reveal the optimum length of drive line. 
On the basis of tests of a 1/2-in. rani and a 1-1/2-in. ram, Cal- 
vert (1, 2], found that optimum performance for all head ratios 
was obtained with 

150 < L/D < 1000. 

The cyclic frequency of operation decreased as the drive line 
length increased with the product of the frequency and length 
roughly constant. Calvert states, “Practical aspects such as 
valve wear, liability to fatigue and toleration of the noise all 
suggest a low frequency of beat and hence a longer drive pipe 
than the minimum for good performance.” 

The surge tank into which the pumped fluid discharges before 
delivery to the pump unit discharge line is a necessary feature of 
the ram. Kroll 13] states that the air volume should be approxi- 
mated 100 times the volume of water delivered per cycle. 

In order to keep the surge tank charged with air a snifter valve 
Is used. Recall that at the end of the pumping portion of the cycle 
the discharge valve closes when the velocity in the discharge, 
and in the drive line, becomes zero and reverses. On complete 
closure of the discharge valve the pressure in the pipe leading to 
the discharge valve becomes less than atmospheric momentarily 
until the drive valve opens. A small check valve (snifter valve) 
in the pipe leading to the discharge valve can then be arranged 
to admit a small amount of air each cycle to replenish the air 
that goes into solution or mixes with the final liquid discharge 
from the surge tank. 

A ram is normally installed to run continuously, feeding into a 
discharge reservoir which is the source for utilization of the 
pumped fluid. The discharge reservoir acts as a balance with 
variable demand from the reservoir. If the demand is less than 
the supply over a period of time such that the reservoir fills, 
excess supply is allowed to overflow and is carried off to any 


convenient drainage system. This may be considered inefficient 
operation, but since no energy supply is used other than the con- 
tinuously available low head of the supply reservoir which 
would be wasted anyway in its normal course down the stream 
bed, there is no net energy cost. 

Continuous operation of the ram is necessary unless elaborate 
starting mechanisms are incorporated for intermittent operation. 
Reasonable performance dictates a drive valve design which re- 
sults in a valve size and weight with which the valve will be kept 
closed by the hydrostatic head of the supply. Initial starting i s 
done manually, by hand on small rams or by some mechanical 
linkage on large rams. After a few manual actuations of the 
drive valve the pressure increase in the discharge surge tank 
will take over to initiate and continue the automatic cycling 
operation. 

Conclusions 

The simple mechanism and application of the hydraulic ram 
shows it to be a unique device which delivers pumped flow to a 
high head from an available low head flow, as for example in a 
pump system using the head drop in a stream to deliver flow uphill 
for domestic and irrigation supply. No other pump system uses 
the available energy without electrical or other mechanical de- 
vicas. In addition, the hydraulic ram, in certain applications, is 
as good as or better than other pump systems is simplicity and 
performance. An approximate analysis is shown to give per- 
formance features of heads and flow rates which relate directly 
to measured performances. 
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The Automatic Hydraulic Ram 

By J. Krol, Ph.D., A.M.I.Mech.E * 

After describing the operation of a typical hydraulic ram installation, the paper reviews the funda- 
mentals of the water hammer as a prerequisite to the proper understanding of the limitations of this 
hydraulic machine. The historical development is discussed in some detail with the object of ascertain- 
ing what research work remained to be done. The author presents his own theory based on the 
application oHgeneral laws of mechanics to the study of a specially designed experimental hydraulic 
ram. By means of a theory developed, which agrees satisfactorily with experiment, it is possible to fore- 
cast the behaviour of any automatic hydraulic ram, provided that the following four properties of a 
given installation have been determined separately by experiment : (a) loss of head in the drive pipe ; 
( b ) loss of head due to the impulse valve ; (c) drag coefficient of the impulse valve ; and (J) head lost 
during the period of retardation. 


INTRODUCTION 

Although the automatic hydraulic ram was invented about 
175 years ago, its use had not become as widespread as its 
simplicity of construction, low cost, dependability, ease of 
operation, and efficiency would seem to warrant. This has been 
due largely to the lack of reliable information concerning the 
limiting conditions under which the ram is applicable and the 
phenomena governing its action. 

The automatic hydraulic ram may be defined as a self-operating 
water raising machine, combining the qualities oi prime-mover 
and pump, by which the fall of a comparatively large volume 
of water under a comparatively low head provides power to 
raise a portion of a supply water to a height greater than that of 


qh. The kinetic energy is obtained by a quantity of water, Q, 
falling under a head, H, from the tank. A, through the drive 
pipe, B, then passing through the impact chamber, C, and 
finally escaping by the impulse valve, D. The velocity of flow 
increases under the influence of the supply head until the 
dynamic pressure acting on the underside of the impulse valve, 
D, becomes great enough to overcome its weight. The impulse 
valve closes rapidly and, owing to water hammer, the pressure 
inside the drive pipe rises sufficiently to force open the delivery 
valve, E, thus discharging through it a quantity of water, q. 
The air chamber, F, connected with the delivery pipe, G, 
prevents the occurrence of the water hammer in the delivery 
pipe and reduces the fluctuations in the rate of discharge to the 




b Elevator detail. 


the source, by taking advantage of the pressure rise resulting from 
the abrupt interruption of the motion of a column of water. 

In Fig. 16, which illustrates a typical hydraulic ram installation, 
a supply tank. A, is fed from a spring, stream, river, or other 
source of water. An inclined conduit, B, called the drive pipe, is 
the essential part of the machine in which the potential energy 
of the supply water, QH , is first converted into kinetic energy 
and subsequently into the potential energy of water delivered, 

The MS. of this paper was first received at the Institution on 14th 
July 1949, and in its revised form, as accepted by the Council for 
publication, on 10th August 1950. For the Minutes of the meeting in 
London on 12th January 1951, at which this paper was presented, see 
Proc. I.Mech.E., 1951, vol. 164, p. 103. 

* Assistant Professor of Mechanical Engineering, University of 
Manitoba, Winnipeg ; formerly Central Engineering Division, 
Howard Smith Paper Mills, Ltd., Montreal. 


tank, J, from which the water is distributed by gravitation, as 
required. As soon as the momentum of the supply column is 
exhausted, the delivery valve, E, closes, and the water contained 
in the drive pipe recoils towards the supply tank, A. This recoil 
removes the pressure acting on the underside of the impulse 
valve, D, which thereupon falls and again allows the escape of 
water. Simultaneously, the recoil causes the air-charging valve, 
K, to open, admitting a small amount of air into the impact 
chamber of the ram. This air is carried along with the water 
into the air chamber to compensate for that absorbed by the 
water. 

The above cycle, consisting of two main periods, namely, the 
period of acceleration during which the kinetic energy is pro- 
duced, and the period of retardation during which the water is* 
pumped, is automatically repeated indefinitely at a rate varying 
from a few to over 300 pulsations a minute. 
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Notation. 

A Projected area of impulse valve seat, sq. ft. 

C Velocity of acoustic wave in an elastic medium, ft. per sec. 
D Diameter of drive pipe (internal), feet. 

E Modulus of elasticity of drive pipe material, lb. per sq. in. 
/ Friction coefficient of drive pipe. 
g Acceleration due to gravity, 32-2 ft. per sec. per sec. 
h Delivery head measured above the level of supply water, 
feet. 

h c Level of water in the air chamber measured over the base 
of impulse valve, feet. 

h r Head lost during the retardation period in the drive pipe, 
delivery valve, and delivery pipe, feet. 
hrrua Maximum delivery head developed by the ram, feet. 

H Static supply head measured above the impulse valve, feet: 
K Bulk modulus of elasticity of water, lb. per sq. in. (approxi- 
mately 300,000 lb. per sq. in.). 

K i Virtual bulk modulus of elasticity of water and pipe, lb. 

per sq. in. 

L Length of drive pipe measured from supply tank to 
impulse valve, feet. 

P d Power developed, ft. -lb. per sec. 
p Pressure rise due to water hammer, lb. per sq. in. 

1/m Poisson’s ratio. 

q Quantity of water delivered per cycle, lb. 
q c Part of the quantity q temporarily stored in the air 
chamber, lb. 

Q Quantity of water flowing to waste per cycle, lb. 

Qi Quantity of water flowing to waste during period 2, lb. 

Qi Quantity of water flowing to waste during period 3, lb. 

R(s) Coefficient of loss of head due to impulse valve, 

r Radius of pipe, feet. 

s Length of impulse valve stroke, inches, 
r Time in general, seconds. 

t„ Duration of period n (where n = 1, 2, 3, 4, 5, 6, 7), 
seconds. 

T Duration of a complete cycle, seconds. 
tp Thickness of drive pipe walls, feet. 

v Velocity in general, ft. per sec. 

v„ Velocity of water in the drive pipe at the end of period n 
(where n »= 1, 2, 3, 4, 5, 6, 7), ft. per sec. 
w Specific weight of water, 62-4 lb. per cu. ft. 

W Weight of impulse valve, lb. 

y Distance travelled by water column in the drive pipe due 
to recoil, feet. 

A v Reduction in velocity causing water hammer, ft. per sec. 
Sum of coefficients of turbulence losses due to bends and 
obstacles in the drive pipe. 
rj Efficiency. 

0(r) Drag coefficient of impulse valve. 


WATER HAMMER 

The phenomena of the water hammer have been studied in 
detail by a number of investigators (A.S.M.E. 1933)*. However, 
to understand correctly the action of the automatic hydraulic ram 
it is necessary to review the basic formulae for the pressure rise 
through the water hammer in a rigid pipe and an elastic pipe 
respectively. 

If a column of water moving with a steady velocity through 
a rigid pipe oi uniform diameter has its motion instantaneously 
retarded by the partial or complete closure of a rigid valve, the 
phenomena experienced are due to the elasticity of the column 
of water alone, and are analogous to those obtaining in the case 
of the longitudinal impact of an elastic bar against a rigid wall. 
Mathematically, the excess pressure due to the water hammer 
in a rigid pipe can be expressed by the formula 

p = (d v ll2)V^Kjg (33) 

Substituting these data in equation (33), it will be found that 
an instantaneous reduction in velocity of 1 ft. per sec. is equiva- 
lent to the pressure head of 63-3 lb. per sq. in., or 146 feet of 
water. 

* An alphabetical list of references is given in the Appendix, p. 64. 


For water in a drive pipe, owing to the elasticity of the 1 pipe 
material, part of the kinetic energy of the moving column of 
water is expended in straining the walls of the pipe both 
longitudinally and circumferentially. The effect is the reduction 
of the value of K, obtaining with a rigid pipe, to a virtual value 
of K i, for an elastic pipe. The equations for the determination 
of Ki were developed by Joukowski (1898) and Gibson (1908). 

When the pipe is considered to be fixed at the ends and free 
to expand radially, Joukowski arrived at the equation 


1 




• • (34) 


Professor Gibson, on the other hand, assumed rkf the pipe 
was free to expand radially and longitudinally, and reached the 
equation 



(35) 


Fig. 17 shows the numerical values of maximum pressure rise 
for pipes made of steel, wrought iron, cast iron, copper, lead, and 



Fig. 17. Variation of Maximum Pressure Head Due to In- 
stantaneous Reduction in Velocity of 1 ft. per sec. with 
the Ratio rjt p 


concrete, computed as a function of rjt p with the aid of equation 
(35). Data for the values of Poisson’s ratio and modulus of 
elasticity for these materials were based on information given 
by Walker and Crocker (1939). 

The analysis of equations (33), (34), and (35) enables some con- 
clusions to be drawn in regard to the suitability of various engi- 
neering materials for the drive pipe. From Fig. 17 a steel pipe 
secures the highest pressure head ; wrought iron and cast iron 
come next. Actual practice confirms this conclusion, as steel, 
wrought iron, and cast iron are the materials most commonly 
used for the construction of drive pipes. Further, other con- 
ditions being equal, the material of the pipe and its ratio rjt p will 
affect the performance of the hydraulic ram. Eytelwein (1805) 
used a copper drive pipe in his experimental ram, and his results 
would have been much better if he had used a steel drive pipe 
of the same dimensions. Clark (1900) mentions the possibility 
of lead being used as a material for drive pipes, but from Fig. 17 
lead is the most unsuitable material for that purpose. Grande- 
mange (1933) suggested concrete drive pipes for rams dealing 
with very large quantities of water. From Fig. 17 such drive pipes 
should be very thick to produce a water hammer comparable 
with that in a steel pipe of the same diameter. 
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PRACTICAL APPLICATIONS 

If simplicity were the only factor involved, hydraulic rams 
would be in universal use, for, from their construction, they are 
the simplest known automatic pumping units. But, unfortunately, 
their application is restricted by certain material topographic 
features. For use of an hydraulic ram, two primary conditions 
are required — a steady and sufficient supply of water, and a fall 
in the contour of the land so that the necessary driving power 
may be obtained and the escaping water can be promptly 
disposed of. 

The size of the hydraulic ram is usually denoted by the 
nominal diameter of the drive pipe, which depends upon the 
available quantity of water. The range of sizes in general use is 
as follows: J inch, 1-41 inches in t-inch increments, and 5-12 
inches in 1-inch increments. Hydraulic ram manufacturers in 
Britain prefer drive pipes of lower diameter, generally not exceed- 
uig 6 inches. Larger installations up to 12 inches diameter are 
used in the United States, and there is no reason why 12 inches 
should constitute a limit to the diameter of the drive pipe. 
Grandemange suggested concrete drive pipes with diameters of 
a few feel. 

The minimum flow of water with which a small ram of 
diameter f-l inch will operate is approximately 3 gal. per min. 
For rams of 12 inches diameter a minimum of 350 gal. per min. 
is common practice. Rams designed l'or dealing with very large 
supplies of water have been made to use 700 gal. per min., and 
in high supply heads, the figure may become as much as 1,000 
gal. per min. When used in batteries, hydraulic rams may 
utilize any amount of water. 

It is generally desirable that the minimum difference in levels 
of the source of water supply and the impulse valve should be 
some 3 feet, although where drive pipes of larger diameters, 
say, above 6 inches, are employed the difference may be as little 
as 2 feet. These limits are not rigid, as hydraulic rams have been 
operated with a head of only 1 inch. The maximum supply head 
is theoretically unlimited, but in actual practice seldom exceeds 
30 feet. Ringelmann (1908) examined technical data relating to 
993 installations, and found that the supply heads most utilized 
were those between 3 and 6 feet, next between 6 and 12 feet, and 
last between 12 and 30 feet. The late Professor Mead (1933) 
designed and successfully operated an experimental ram under 
a supply head of 100 feet. 

The delivery head is also subject to some limitations. If the 
delivery head is very low, the hydraulic ram will not operate 
satisfactorily, because the resulting recoil is inadequate to open 
the impulse valve. The minimum delivery head is approximately 
twice that of the supply head, and for this reason, under most 
favourable conditions, the ram cannot deliver more than half 
the water flowing through the drive pipe. An insufficient delivery 
head can be increased by throttling the valve controlling the 
delivery pipe. The maximum delivery head depends principally 
upon the velocity of the water at the moment of impulse valve 
closure. Since an instantaneous reduction of 1 ft. per sec. of 
velocity of water produces the pressure head at about 146 feet, 
it can be seen that a hydraulic ram may pump water against a 
very considerable head. According to Cleverdon (1937), srandard 
American rams are guaranteed to pump against a head of 
250 feet. Rams specially designed may pump against a head 
within the limits of 600-1,000 feet. These rams arc constructed 
heavily and of great strength to resist the severe water hammer. 
Cleverdon points out that a delivery head equal to thirty times 
the available supply head is a satisfactory maximum for most 
rams. 

The horizontal distance to which the water can be forced 
should be expressed in terms of an additional head of water 
added to the required static delivery head. Numerous hydraulic 
rams operate with delivery pipes up to 4 miles long. 

Durability and dependability of a typical hydraulic ram 
installation are very satisfactory. Anderson (1922) reports a case 
of a ram which had been at work for over 100 years. In another 
ram the valves had not been inspected for twenty-seven years. 
Consequently, the cost of maintenance is negligible, since there 
are no parts which require lubrication and no attention is needed 
other than periodical inspection. 

The efficiency of well constructed and adjusted hydraulic rams 


is excellent. The Maple Leaf pumping station for the City of 
Seattle, United States of America, consists of two hydraulic 
rams of 12 inches diameter, and has a range of capacity of water 
pumped from 720,000 to 1,300,000 gallons per day at 91 per cent 
elliciency (Carver 1918). 

Perhaps the only disadvantage of the hydraulic ram installation 
is a certain amount of noise. Insertion of a piece of rubber tube 
between the body of a ram and the delivery pipe is claimed by 
Kirchoffer (1916) to mitigate this nuisance. 

The requirements for operating hydraulic rams make them 
especially adaptable to ensure a continuous delivery of water 
for : — 

(a) rural communities, such as farms, country houses, 
hotels, and factories; 

( b ) irrigation schemes ; 

(c) isolated locomotive water towers ; and 

(it) villages and small towns. 


PAST DEVELOPMENT 

The discovery of the underlying principle of the hydraulic 
ram and its first practical application are due to John Whitehurst, 
F.R.S., of Derby, who built his apparatus about 1772. White- 
hurst erected his machine at Oulton, Cheshire, for use at the 
local brewery. His invention (Fig. 18) consisted of an inclined 



pipe, A, 600 feet long and 1J inches diameter, connecting a 
supply tank, T, with an air chamber, D, controlled by a check 
valve, C. A pipe, B, was branched from the main near its lower 
end and fitted with a hand operated tap, E, located 16 feet below 
the level of water in the supply tank. A child was employed to 
operate the tap, E, and with each closure the phenomenon of a 
water hammer was caused, driving a portion of the supply water 
to the delivery tank, F. Although the Whitehurst apparatus was 
exceedingly crude, it was, nevertheless, actually used until about 
1800. Whitehurst (1775) called public attention to his invention 
through a communication to the Royal Society. 

In 1776, Joseph Michael de Montgolfier, a French paper 
manufacturer and co-inventor of the first hot-air balloon, 
invented a machine based on the same fundamental principle, 
but acting automatically and thus eliminating the human inter- 
vention required for the operation of Whitehurst’s apparatus. 
The arrangement of the original Montgolfier’s ram is shown in 
Fig. 19. Its construction has all the important features of the 
typical hydraulic ram described in connexion with Fig. lb. 
Montgolfier named his machine “/e bclier hydraulique ” , from 
which the term “hydraulic ram” was derived and is universally 
accepted. 

After Montgolfier’s death the development of the hydraulic 
ram followed two main directions, namely, improvements in 
mechanical design, and research into principles of its action. 

Improvements in mechanical design can be subdivided into 
two sections : (1) development of the ordinary type of hydraulic 
ram, similar to that shown in Fig. 16, and (2) development of its 
variations. In the first section, remarkable designs were originated 
by the inventor’s son Francis Montgolfier and many .others. 
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In the second section, variations of the hydraulic rain, possessing 
distinctive features of their own, are : — 

(а) Combination with a siphon. 

(б) Combination with a suction pump. 

( c ) Action as an air compressor. - 

(J) With a mechanically operated impulse valve. 

(«) Adapted as a motor. 

(/) Adapted to the artesian well. 

(g) Without valves or liydro-pulsator. 

(7i) Constructed of reinforced concrete. 

(i) Adapted for utilizing tidal power. 

Previous investigations to hnd an explanation for the behaviour 
of the automatic hydraulic ram may be classitied under three 
headings : empirical, theoretical, and rational. 




Fig. 19. Montgolfier’s First Hydraulic Ram 


The empirical method, based on experimental tests but not 
correlated with theory, resulted in numerous rules of thumb, 
which were misleading since the action of an hydraulic ram 
depends upon so many variables. Among the empirical 
researchers were Eytelwein 0805), d’Aubuisson (1840), and 
Morin (1803), whose delusive formulae can be still found in 
en gineering ref erence works. -Walker Fyl'e (192 2), who built 
mimj ^jMWtMlWNUi installations in the United Kingdom, con-, 
h^gt^t he found F.ytelwein’s and d’Aubuisson’s formulae of 

In the theoretical method, the problem is attacked by 
attempting to ascertain the rate of change of the variable velocity 
of the column of water during each period of the working cycle. 
From this relation, the quantities of water escaping and 
delivered during each cycle may be found and the duration of 
the latter determined. The solution of the problem by theoretical 
methods alone is impossible, as numerous constants relating to 
the particular type of hydraulic ram can be found only by 
experiment. Moreover, without facilities for observation of the 
actual performance, a theoretician is tempted to make assump- 
tions leading to faulty conclusions. Consequently, the examina- 
tion of past theories proves to be largely a study of failures and 
approximations. The limitations of past theoretical researches 
into the action of the automatic hydraulic ram are mainly due 
to their omission of one or more of the following elfects : 

( a ) loss of head due to friction and turbulence, ( b ) length of 
impulse valve stroke, (c) load acting on the impulse valve, 

( d ) resilience resulting from the elasticity of water and material 
of the drive pipe, and (e) duration of the period during which 
the impulse valve closes. 

The only rational method of research, based on theoretical 
analysis verified by experiments, is of comparatively recent 
origin in regard to the automatic hydraulic ram. The first 
attempt was made by Harza (1908) at the University of 
Wisconsin. Unfortunately, Harza designed his experimental 
apparatus with the impulse valve actuated not by water in the 
drive pipe but by an external motor. The conditions of operation 
were thus basically changed and his conclusions could not be 
applied to the automatic hydraulic ram without very serious 
reservations. However, credit must be given to Harza for experi- 
mental confirmation of the laws relating to the unsteady flow of 
water during the acceleration period. 


HYDRAULIC RAM 

1 lie next rational investigation is due to O’Brien and Gosline 
(1931), who carried out their study at the University of California 
using a l-inch diameter commercial ram of “Goulds” type. 
Although the investigation of O’Brien and Gosline provided a 
first reasonably satisfactory explanation of the action of the auto- 
matic hydraulic ram, it lias some limitations owing to their appli- 
cation ol ^l commercial ram for experimental study oi the 
problem. Consequently, a number of variables, for example, the 
load acting on the impulse valve, were inadequately treated. 
Hansford and Dugan (1941) at the University of Illinois carried 
out an investigation on two hydraulic rams of “Rife” type, which 
diflered considerably in construction and performance from the 
one used by O’Brien and Gosline. Although Lansford and Dugan 
obtained much valuable data for the particular type of hydraulic 
ram, their investigation has, however, the same limitations as that 
of O’Brien and Gosline. In particular, neither of the American 
investigators developed theoretical formulae for the efficiency 
and power obtainable in the hydraulic ram installation, which 
would show the effect of all hydraulic constants upon the per- 
formance of the machine. Without such formulae no rational 
design is possible, and to fill this gap, the author carried out the 
theoretical and experimental investigation fKrol 1947b) reported 
in condensed form in this paper. 


EXl'tlUMENTAl, APPARATUS 

In the design of the experimental hydraulic ram means were 
sought by which each of the following factors could be varied 
independently : (a) delivery head, (6) length ol stroke of impulse 
, valve, (c) weight of impulse valve, (d) type of delivery valve, and 
'(e) volume of air chamber. To observe simultaneously the 
motion of the impulse valve and the pressure in the drive pipe 
as a 1 unction of time, a special recording apparatus was con- 
structed. 

Fig. 20a shows the general layout of tlie experimental installa- 
tion, which allows for feeding of the supply tank with water 
collected in the basement tank and simultaneous measurement 
of the quantity of water delivered and wasted. 

Fig. 20 b shows the detailed elevation of the apparatus. The 
essential part of the recording apparatus is the drum driven by 
two small synchronous motors. The gear between the motors 
and drum shaft is so designed that the speed of a paper band 
attached to the drum is exactly 100 mm. per sec. A Dobbie- 
Mclnnes indicator, connected with the impulse valve box, is 
attached at a suitable distance from the drum, thus permitting 
the measurement of pressure-time variations with an error of 
not more than 0-01 second. Similarly, with the aid of the pencil 
arm attached to the top of the impulse valve spindle the motion 
of the latter can be recorded. The pencil arm can slide in its 
socket and is so adjusted as to secure perfect alignment with the 
indicator. 

To make it as light as possible, the valve spindle was made of 
Duralumin. The length of the impulse valve stroke can be varied 
by means of a Duralumin nut and secured in position by a steel 
lock-nut. To vary the weight of the valve, a series of steel washers 
i inch thick was used. These washers were inserted as required 
between the nut and the lock-nut. The total weight of the valve 
spindle, nut, lock-nut, and recording pencil arm was 0-O05 lb. 
Each steel washer weighed 0-880 lb. The total weights of the 
impulse valves used in experimental investigations were 0 005 
1-485, 2-360, 3-245, 4-125, and 5-005 lb. 

The valve box of cast iron is provided with a gun-metal sleeve 
and bushing. To protect the recording apparatus from splashing, 
the valve box was enclosed within a brass cover to which a short 
discharging pipe was attached. Although the body of the experi- 
mental apparatus was designed to accommodate any type of 
delivery valve, actual experiments were limited to one most 
commonly used (lug. 206), consisting principally of a seat and 
a shield holding between them a rubber disk. 

The air chamber was made of the standard pipe having an 
inside diameter of 6 inches. The height of this chamber was 
12 inches, and the level of water therein contained could be 
observed by means of a glass water gauge. On the top of the 
air chamber a Bourdon gauge was attached. With the aid of tflfe 
water gauge and Bourdon gauge, it was found that the relation? 
between the volume and the pressure of the air contained in the 
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a General layout. 


Fig. 20. Experimental Apparatus 


b Elevation detail. 


1 

Supply tank. 

10 

Basement tank. 

o 

Mercury U-tube gauge. 

11 

Discharge pipe, diameter 

3 

Drive pipe, diameter 2 


I inch. 


inches. 

12 

Throttling valve. 

4 

Gate valve. 

13 

Bourdon gauge. 

5 

Experimental hydraulic ram. 

14 

Measuring tank for water 

6 

Recording apparatus. 


delivered. 

7 

T ransit tank. 

15 

Centrifugal pump. 

8 

Measuring tank for water 

16 

Electric motor. 


wasted. 

17 

Control valve. 


9 Support for measuring tank. 


18 

Drum. 

28 

Bushing. 

19 

Synchronous motors. 

29 

Brass cover. 

20 

Indicator. 

30 

Body. 

21 

Pencil arm. 

31 

Seat. 

22 

Impulse valve spindle. 

32 

Shield. 

23 

Duralumin nut. 

33 

Air chamber, diameter 6 

24 

Steel lock-nut. 


inches. 

25 

Steel washers. 

34 

Glass water gauge. 

20 

Valve box. 

35 

Bourdon gauge. 

27 

Sleeve. 

36 

Air cock. 


air chamber was isothermal. In the latter part of the experi- 
ments a larger air chamber of the same diameter but having a 
height of 2-1 inches was tried. Although the experimental ram 
was provided with an air charging device, the latter was not used 
as it was considered undesirable to introduce a factor over which 
there would be no control. Instead, the air chamber was 
frequently charged with fresh air by means of an air cock, so 
that in each series of experiments the volume of air contained 
was kept constant. • 

Fig. 21a shows a general view of the experimental apparatus 
fitted with the shorter air chamber, and lug. 2 Hi shows it as 
fitted with the longer air chamber, lug. 22 a and h show typical 
diagrams obtained lrorn the recording apparatus. Both these 
diagrams show that during the period of retardation the delivery 
valve opens once only, and that its opening is accompanied by 
a certain amount of vibration, due to the inertia of the moving 
parts of the indicator combined with that of the delivery valve 
itself. Otherwise the pressure during the retardation period is 
almost constant. The motion of the impulse valve is also shown. 

To compare theory with experiment, knowledge of the 
various resistances ol the experimental apparatus is absolutely 
essential. For the automatic hydraulic ram, the number of 
experimental factors can be reduced to lour only, namely : — 


(1) (l+A)'+4/~j, expressing the loss of head in the drive 

pipe excluding the impulse valve, where 1 refers to loss due 
to velocity head, A; to loss due to bends, elbows, changes of 

section, etc., and l/^ ft) lriction inside the drive pipe. 


(2) R(s), denoting loss of head by turbulence due to the 
impulse valve. This factor can be determined as a function 
of a length of valve stroke. 

(3) denoting the coefficient of drag in the impulse 
valve. If the value of this coefficient is known the dynamic 
force acting on the impulse valve can be determined. Factor 
( P(s) can be expressed also as a function of length of valve 
stroke. 

(4) 'The head, h r , lost during the period of retardation. This 
depends mainly on the loss of head due to the delivery valve, 
delivery pipe, and, to a lesser extent, the drive pipe. 

The results obtained in experiments made to measure these 
factors can be summarized as follows. Under the conditions of 

a steady How, the value of the factor |l+2;' + 4/-j was found 

to be 271. The values of the factor R(s) are such that 

= ( 1 + T- T/j}) ■ ■ • (36) 

and are shown in Fig. 23. The continuous curve passing through 
the experimental points can be expressed by the empirical 
equation 

.... 2-43-l-O6r+lO°-«-i'-30 5 

R{s) = . . (37) 

where s is a pure number equivalent to the length of the impulse 
valve stroke measured in inches. It W is the weight of the impulse 
valve in pounds, A is its projected area in square feet, and v 2 
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is the velocity of water at which the impulse valve begins to 
close, then the values of the factor <P(s) are such that 


0 ( S ) = 


Wg 

Av, z tv 


• (38) 


and are shown in Tig. 23. The continuous curve passing through 
the experimental points can be expressed by the empirical 
equation 


, 0-345-0-275*+ 10 n '52-6-85i 

0(5) = . . (39) 




as — inch; W = 1-485 lb. 


)l= I S-7 Ft. 



b s = -jJf inch; IV = 4-125 lb. 


a With short air chamber. 


Fig. 22. Typical Recordings 



Fig. 23. Coefficients R(s ) and 0(r) as Functions of Length of 
Impulse Valve Stroke 


b With longer air chamber. 

Fig. 21. Experimental Apparatus 


• Experimental. 


Empirical equation. 
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1 ?4 

1 The head, h r , lost during the period of retardation can be 
expressed by the equation 

• • • • <*» 

where h is the delivery head, and /i m « is the maximum pressure 
head obtainable in the ram. The value of h r becomes zero when 

' h — H mar . 


THEORETICAL CYCLE OF OPERATION 

The theoretical analysis of the working cycle of the automatic 
hydraulic ram can best be studied with reference to Fig. 24, 



Fig. 24. Graphical Interpretation of the Theory 


consisting of three diagrams : a, pressure in the drive pipe as 
observed in its lower end ; b, velocity of water in the drive pipe ; 
and c, simultaneous variation with time of the motion of the 
impulse valve. For the purposes of mathematical analysis, the 
total time T of a complete cycle of operation is subdivided into 
seven periods which are discussed below in more detail. 

Analysis of Period 1. The impulse valve is open. Owing to 
the recoil of water at the end of the preceding cycle, the lower 
end of the column of water in the drive pipe is separated from the 
impulse valve by a distance y, the magnitude of which will be 
determined during the analysis of period 7. Acceleration of water 
takes place inside the drive pipe, without any water flowing to 
waste. Theoretically, the water in the drive pipe accelerates 
according to the equation 

= (.Llg)j t . . . (41) 

which represents the law of the hyperbolic tangent. However, as 
the values of v are small during period 1, the effect of the 
second term on the left-hand side of the equation (41) becomes 
insignificant, and the results obtained are practically identical 
with those given by the simplified equation 

H = <Us)2 7 (42) 


the solution of which gives 

h = V2LyjgH 
and v x — \/2gHy/L 


Analysis of Period 2. The impulse valve remains open. After 
returning to the end of the drive pipe with the velocity given by 
equation (44), the water continues to accelerate until it reaches 
the velocity 

v 2 = \/ WgjAw<P(s) .... (45) 

at which the impulse valve begins to close. Period 2 usually forms 
a major portion of the total time of the duration of the complete 
cycle, T, and frictional resistances must be considered. The 
equation of motion is therefore 

[ 7 " 17)2 du 

l + Ij + 4f B + R(s)\~ = (Llg)^ . (46) 

Integration of the above equation within the Emits v =* v x and 
v = v 2 gives 

L 

*2 = ~ T=f= ~=^- - ■ x 


j2gH[l+Zj+4f^ + R(s)] 


w[l+2Jj+4f^ + R(s)] 
2AHw<P(s) 

w[\+Zj+4f^ + R{s)] 

2AHw<P(s ) 


^l + Jj[l+£j + 4fp+R(s) j 


. (47) 


or rD 2 L 


: — r 

4 j^l + + 4/-^ + R (j) J 


l+£j+4f^ + R(s) 

L 

2 gH 

Wg 


i+S+4/f+w,) 


A very important relation can be found by putting 

2gHI{\+i:j+‘lf^+R(s)}=WglAw&(s) . (49) 

from which 

2AHw0(s) 

W = . . . (50) 

1 + Ej + 4 f-Q + P(s) 

When this relation occurs, the impulse valve will not close at all 
and Q 2 becomes infinity. It therefore follows that the weight of 
the impulse valve must satisfy the condition 

2 AHiv<P(s) 

0<»7< . . . (51) 

1 +£j + 4/jjj + R(s) 

Equation (50) shows that there is a limitation for the length of 
the drive pipe L. When this length is such that 

F . \2AHw<t>{s)~ W{1 +Zj + R(s)]]D 


the impulse valve will not close at all. 


5 
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Integrating equation (46) with respect to t within the Emits 
v = 0 and v = v 2 , the duration of both periods 1 and 2 is given 
by the equation 


f l+ f 2 


j2gH[l+£j+4/^ + R(s)] 


log. 



/ w\ 

l+2;; + 4/^ + R(r) 


2AHw<P(s) 


/w[l+£j+4f~ + RU)] 

O A t ,\ 


2 AHw<P(s) 


(53) 


Analysis of Period 3. Velocity of water is now such that the 
force acting on the underside of the impulse valve is greater than 
its weight. The impulse valve begins to close and is completely 
closed at the end of the period. The rational analysis of period 3 
is complicated by the fact that both water and the impulse valve 
are in motion. However, using the fundamental equation of 
motion, force = mass X acceleration, and introducing some 
mathemaucal simplificadons, it is possible to arrive at a soludon 
comparing favourably with experiment. The approximately true 
equauon of the impulse valve mouon is 


d 2 s _ 2Hg 2 t 
dt 2 ~ L L 


1- 


w[l+Zj+4f^+R(s) 


2 AHw0(s) 


Wg 
Aw<P(s ) 


(54) 


which gives finally 


Joukowski’s formula for as being the simpler of the twl.25 
Consequently, the duration of period 4 may be written as 



If the velocity of the water at the end of period 4 is t> 4 , then 
there must be a relauon 


^4 = v 3 -(h + h T )g/C .... (61) 

From the above equauon the maximum pressure head which ran 
be developed in an hydraulic ram can be determined. Obviously, 
when i> 4 = 0, h T = 0 and 


^Cvj = C / Wg _ / 1441V 


(62) 


Equation (62) shows that for a given weight of the impulse valve 
W and length of stroke s, there is always a certain maximum 
delivery head beyond which no water can be pumped. It also 
shows that if the impulse valve is too light, only small delivery 
heads can be obtained. 

In consequence of the reduction of velocity of water during 
period 4, there is a certain loss of kinetic energy which is 
expended in compressing the water contained in the drive pipe 
and stretching die walls of the latter. This loss of kinetic energy 
can be determined as 


w 2 {h + h T ) 2 nD 2 Lil D\ 

8 x 144 liC + EtJ 


(63) 


tx = v Ls 


S J: 


Wg 


Ato<P(s) 


4 g 2 H 


w\\+Zj+AJ^ + R(j) 


2 AHzv<P(s) 


. . . (55) 

The variation of velocity of water during period 3 is too obscure 
to be expressed mathematically. Because of the short duration 
of the time, t 3 , it is certain that this velocity does not vary 
greatly from its initial value, v 2 , and for all practical purposes it 
can be assumed that v 2 = v 3 . On this basis, the quantity of 
water flowing to waste during period 3 can be estimated as 


Qs = 


wirD 2 v-,t 


2‘i 


WttD 2 


Ls\ 


Wg y 


Aw<P{s)) 


4 g 2 H 


1- 


w[\+Zj+4f^ + R{s) 


2AHw<P(s ) 


(56) 


The kinetic energy of the column of water arrested at the end 
of period 3 can be determined as 

1 tUTrD 2 Lv 2 2 wttD 2 Lv 2 2 ttD 2 LW 

2 4 i = 8^ = 8 A<P(s) 


(57) 


Analysis of Period 5. The delivery valve is now fully open, 
and the energy available for pumping the quantity of water q 
against the head ( h + h r ) equals the kinetic energy developed at 
the end of period 3 (equation (57)) less the energy of strain 
expended during period 4 (expression (63)). The quantity of 
water delivered per cycle is therefore 

■nD 2 L r W w 2 ( 1 D \ 1 

q ~ 8(h + hr) [A<P(f) _ 144 (x + Wj V* + hr)1 \ ’ • (64) 

Since, for any hydraulic ram installation the factors D, L, K, 
w, A, E, t p , and (h + h r ) are fixed, the result obtained in equation 
(64) shows that the quantity of water delivered depends prin- 
cipally on the weight of the impulse valve W and the factor 
0(s). This important fact was confirmed by experiments, which 
showed that for a given <P(s), the increase of the valve weight 
caused the quantity q to increase. 

The duration of period 5 can be determined from the principle 
of momentum, mass X change of velocity = impulse. On this 
basis it was found that 


g(.h+h r ) 


[J 


Wg 

Aw<P(s) 


-ih+h 


->J(k 


. D\gu> 
K + Et p ) 144. 


(65) 


The result obtained shows that the time of delivery rapidly 
decreases with the increase of delivery head. 


Analysis of Period 4. At the end of period 3 the impulse valve 
is completely closed, and abrupt retardation takes place causing 
the delivery valve to open, whilst at the same time the velocity 
in the drive pipe is reduced in proportion to the pressure head 
( h + h r ) generated in excess of the static head //. The duration 
of period 4 is very short and may be estimated to be 

r 4 = 2L/C (58) 

That is, the time required for a complete reflection of the acoustic 
wave travelling along the drive pipe. The velocity of the acoustic 
wave in an elastic medium is given by the formula 

C = Vl44 K lg ltu (59) 

where K t can be determined from equation (34) or (35) due to 
Joukowski and Gibson respectively. Calculations prove that for 
ferrous materials the differences between equations (34) and (35) 
are too small to be significant, and it is proposed to use 


Analysis of Period 6. At the end of period 5, the whole of 
the energy available for pumping is exhausted, and the delivery 
valve closes. This closure of the delivery valve means that the 
drive pipe, which so far had remained under the total pressure 
head (H+h + h r ), suddenly returns to the static head H. The 
time during which this change takes place is very short and can 
be estimated as a time required for a complete reflection of an 
acoustic wave, C, or 

2 L [Jl D \ w~ 

r 6 = c - 2 Lj (^+£^)i44^ • • (66) 

As a result of the sudden change of pressure, the energy of 
strain of the water and drive pipe (expression (63)) is converted 
into the kinetic energy of the water moving towards the supply 
tank. The phenomenon is similar to that of rebound of elastic 
bodies, and is illustrated by Fig. 25. The photograph was taken 
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after the level of water in the supply tank was reduced to a 
minimum and a pressure of approximately 150 lb. per sq. in. 
had developed in the experimental ram. The column of spouting 
water reaches the height of about 6 inches above the level of the 
static water, and some particles of water can be seen in the air. 


affects the duration of period 1 and the quantity of water 
escaping during period 2 as indicated in equations (43) and (48) 
respectively. 



Fig. 25. Recoil Due to Water Hammer 


The magnitude of the negative velocity with which the water 
recoils from the impulse valve can be obtained by equating the 
energy of strain to the kinetic energy : — 


k 2 ttD 2 L/ 1 
8 x 144 \K 


+ 




from which 


wttD 2 L 

~8^' 6 


v 6 


~(h+hr ) 


1 D \ gw 
K + HT p ll 44 


(07) 


Analysis of Period 7. At the end of period 6 the water in the 
drive pipe has acquired a negative velocity, consequently, the 
impulse valve opens under its own weight and a pressure 
difference caused by the recoiling water. The time r 7 during 
which the water moves away from the impulse valve may be 
found from the equation of motion, equation (42), given in the 
analysis of period 1, where losses of head are neglected on 
account of the shortness of period 7. The solution of tire equation 
gives 


SUMMARY OF THEORY DEVELOPED 

The results of the foregoing analysis can be presented in five 
general formulae. 

(I) The quantity of water delivered is 

rrD'L r IV w 2 / 1 D \ 1 . 

q = 8(OT)[h^)- 144U + £^) (/,+W J p0Unds per ^ 

. . . (70) 

This formula shows that for a given W and 0 (j) there is 
always a maximum delivery head for which q becomes zero. 

(II) The quantity of water flowing to waste is 

Q — Qz+Qi °r 


Q = 


wmD 2 


|"l +£/+4 /-q+/?(j)J 


log. 


2gH 


-mGe+EW '") 1 


l+Zj+4f±+R(s) 


2 gH 


1 + Ej + 4/^ + R (s) 


Wg 

' Aui0(s ) 


+ 


sL 

( Wg 

2 

\Aw<P(s)l 

4 g 2 H 

lp[l+2j+4/^+R(r)]] 

L 

2AHw<Jj(s) J 


pounds per cycle . . . (71) 

An important feature of formula (71) is that it shows the 
interdependence of the factors H, W, <P(s), R(s), L, D,f, and Ej, 
since if 

2^H|l+ry+4/^ + R(r)| = Wg/Aw0(s) 

the impulse valve will not close at all, and Q becomes infinity. 
(Ill) The duration of a total cycle is 

T = + + ^ + 

For ti + r 2 it is simpler to use equation (53). Adding and re- 
arranging the terms already found, the value of T is 

T = L 


'2gH\l+Ej+4f^+R(s) 


log. 


w[l+£j+4ffi + R(.s)] 
l+f J 2 AHw<P(s) 


/ 

r L 1 

-7 

W[l+£j+4fp+R(s)\ 


+ 


L(h + h r ) III D \ w 
H V \K + Etphteg 


. . (68) 


The magnitude of the distance y travelled by the recoiling 
water inside the drive pipe can be obtained by equating the 
kinetic energy of the column of water to its potential energy. 
This gives 


y = wL(^ + ^)(/i + /0 2 /288// . . (69) 

The reverse motion of water during period 7 subsequently 


! ‘N 

1 Wg 

Aw<P(s) 

/ 4 g*H 

w\l+Zj+4ffi+R(s)\ 

L 1 2 AHw<P(s) 


g{h + h r ) 




seconds per cycle 


w 

144^ 

. (72) 
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(IV) According to the formula proposed by Eytelwein (1805) experimental verieication 
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and Rankine (1872), the efficiency of the hydraulic ram is i] 
, , f W iu 2 / 1 D\ t / 

or * = w 4.i0T7)-ri4U' + iTt/ ; ' +; '^ : ]/ 


qh 

QII 


2wH(h + h r ) 


L 


1 +2Jj + -\J J d +R(s) 


leu 


2 nil 


1 +2; + 4/ i) + R(5) 






Wg 


l+Zj + 4f~+R(s) AU ' ,P<J) 


+ 




£ W” 


w 


l + Zj+4fA + R(s) 


2AHw<P{s) 


• • (7 3 ) 


The above formula for efficiency is dimensionless and shows 
the effect of all the factors controlling the performance of the 
machine. 

qh 

(V) The value of the power of the hydraulic ram (Pj) is -y.. 


IE’ iv 1 ( 1 D 
Pd = vD-IJi -r/u,7s- T7-, T' + 


lA<P(s) 1-l-P K Et 


j(/l + /l r ) 2 


8(ll + /lr) 


L 


log. 


2i'/y[l+Ay+4/g + R(r)] 
I l\v[l+Zj+4f~ + R(s)\ 

I 1+ ^ 2 AHzv<d>(s) 


W 


l-\ 


1 + + 4/jj + R(s) 


+ 


2 AHw<P(s) I 


sL 


Wg 


Aw<P(s) 


4 g 2 H 


ir 

l+Ay + 4/^-EA*(s)] 

- 

2 AIIzv0(s) 


To verify the theory developed, some 500 experiments were 
made on the experimental apparatus described above. The 
majority of the experiments were devoted to the investigation 
of the effect of the length of the impulse valve stroke and its 
weight. With various combinations of these two factors, it was 
possible to vary the characteristics of the machine over a very 
wide range of delivery heads. Experimental results were com- 
pared with the theoretical computations obtained by the employ- 
ment of the final formulae (70)-(74). In these calculations, the 


following factors were kept constant 

throughout : — 

A 

0 043 sq. ft. 

K 

300,000 lb. per sq. in. 

D 

0166 feet. 

L 

60-75 feet. 

E 

28,000,000 lb. per sq. in. 

h 

0 031 feet. 

g 

32 2 ft. per sec. per sec. 

w 

62-4 lb. per cu. ft. 

H 

13 0 feet. 


L 

l+2; + 4/^ = 27-1. 


The values of R(s) and &(s) used in the above calculations are 
shown in Eig. 26. The head lost during the period of retardation 
was calculated from equation (40) in which h m„r was determined 
by means of equation (62). The comparison of theoretical and 
experimental data indicates that the agreement is very dose 
a wide range of operating conditions, and that the maximum 
difference between the theory and experiment does notetfn 
the least favourable circumstances exceed 15 per cetffrThis is 
shown in Eig. 26a, b, and c, which show graphically typical 
theoretical and experimental data as obtained for the three basic 
elements of performance of the machine. 

Considering that in the theory developed assumptions were 

made that: (1) the factor |l -fA) +4/-^j remains constant; 

(2) there is no friction during periods 1 and 7 ; (3) velocity v 2 
equals velocity u, ; (4) during the recoil, the water behaves like 
a solid bar; and (5) there is no effect of an air chamber oil the 
quantity of water delivered — it must be concluded that the 
cumulative deviation between the theory and experiment gives 
very satisfactory correlation. Without the above assumptions, 
the theory developed would have been considerably more 
complicated, and the final formulae (70)-(74) would have been 
loo involved to be of any practical use. 

Experiments with the larger air chamber proved that the size 
of an air chamber affects the quantity of water delivered. This 
can be explained in the following manner. If q is the quantity 
of water delivered during a single cycle, the duration of which is 
T, then the average rate of flow through the delivery pipe is qjT. 
Elowever, the time of actual pumping is much shorter than the 
total time T, and the air chamber receives water at a much quicker 
rate qjt s . Since the water is delivered at the average rate q/T, the 
excess of water temporarily stored in the air chamber during the 
time r 5 , is q c = q(l — [ s jT). It is now clear that in addition to 
the kinetic energy generated during the period of acceleration, 
there is an additional source of energy available for pumping, 
namely, the potential energy of the quantity of water q c descend- 
ing from the supply tank into the air chamber during period 5. 
If h c is the level of water in the air chamber over the impulse 
valve, then this energy may be estimated as q(l — t s IT)(H—h c ). 
Compared with the kinetic energy developed in the drive pipe, 
the additional potential energy due to the eliect of air chamber is 
small and to avoid unwarranted complications in the theory 
developed, it was ignored. 


. L 

+ g(h + h r ) 


_Wf!_ 

Aw<I\s) 



x 


CONCLUSIONS 



The formula for power is not less important than the formula for 
efficiency, which does not take into account the rate of pumping. 


The results obtained in this investigation can be summarized 
in the following eight points concerning the theory developed. 

(1) On the general laws of mechanics, it is possible to fore- 
cast the behaviour of any automatic hydraulic fam, provided 
that the following four properties of a given installation have 
been determined separately by experiment : (a) factor of loss of 

head in the drive pipe (l +£j+4fj^, (Jb) factor of loss of head 

, due to the impulse valve, R(s), ( c ) drag coefficient of the impulse 
•valve, 0(r), and (J) head lost during the period of retardation, h T . 
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Series 

24 

to 

19 

14 

13 1 

3 

Values of h in feet when 







V = 0 . 

5‘>0 4 

407-5 

394 1 

302- 1 

193-2 

135-4 



HYDRAULIC RAM 

(2) T'ive formulae are developed expressing quantity of water 
delivered per cycle q , quantity of water wasted per cycle Q, 
duration of cycle T, efficiency ij, and power developed Pd — as a 
function of numerous variables entering into the problem. If all 
the variables, except the delivery head, are fixed it is possible 
to express q, Q, T, •>], and Pj as a fund ion of the former. The 
resulting set of live curves (Fig. 27) constitute the characteristics 
of an hydraulic ram. 

(3) That efficiency is not the only criterion required in the 
estimate of the performance of the hydraulic ram is stressed. 
The hydraulic ram may be so adjusted that it will work with 
reasonable elhciency and yet the rate of pumping, or, what is 
analogous — its power, may lie negligible. 

(4) The utmost importance of the proper selection of the 
impulse valve load is stressed. As shown in F'ig. 28a and b , an 
increase in the impulse valve load consistently increases the 
power of the machine and its capacity to work under the increased 
delivery head. Further, an increased load increases the efficiency 
of the machine up to a certain Emit, after which it decreases, 
tending to zero. The effect of the impulse valve load is closely 
connected with the length of the impulse valve stroke. In general, 
an increase in the length of tire impulse valve stroke decreases 
the permissible load on the impulse valve. This is due to the 
marked decrease of the coefficient of drag. 

(5) Asolution of tire problem, hitherto unsolved, of thedesirable 
length of the drive pipe is provided. F'ig. 29 shows the effect 
of the length of the drive pipe on the performance of the 
machine, determined for given conditions. It can be seen, that 
for other factors remaining constant, an increase in die length 
of the drive pipe : (a) causes proportional increase in the q uan tify 
of water delivered per cycle, ( b ) increases the quandty of water 
wasted per cycle, ( c ) increases the durauon of the cycle, and 
(d) causes efficiency and power to increase, pass through a 
maximum, and subsequently decrease to zero. 



Fig. 26. Theoretical and Experimental Relations Between 
Delivery Head and the Three Basic Elements of Performance 
Theoretical. • Experimental. 
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imivmr HtAD-ffctr 


Fig. 27. Typical Characteristics of Hydraulic Ram 
For conditions of series 8. 



Fig. 29. Effect of Length of Drive Pipe on Performance of 
Hydraulic Ram 
Series 20, li = 112-6 feet. 

(6) A basis for a rational design of the hydraulic ram installa- 
tion is established. Once the lour experimental factors required 
by the theory arc known, numerous characteristics of the pro- 
posed installation can be computed and consequently selection 
of the most advantageous set of conditions can be made. 

(7) It was ascertained experimentally that the variation of the 
diameter and grade of hardness of rubber disks used in the 
delivery valve had a somewhat minor effect on the performance 
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a s = -[L inch. 


Series 

1 

2 

3 

4 

5 

6 

IE, lb. . 

0-605 

1-485 

2-365 

3-245 

4-125 

5-005 



Series 

13 

14 

15 

16 

17 

IE, lb. 

0-605 

1-485 

2-365 

3-245 

4-125 


Fig. 28. Effect of Impulse Valve Load on Efficiency and 
Power 
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of the hydraulic ram. These experiments seem to indicate that 
the diameter of the rubber disk covering the ports of the 
delivery valve should not be excessive, and that for increased 
delivery heads, an increased hardness of rubber is desirable. 

(8) Experiments with the larger air chamber resulted in a 
consistent increase of approximately 10 per cent in the efficiency 
and power developed. As explained, this is due to the additional 
potential energy available for pumping/ formed by water tem- 
porarily stored in the air chamber during the period of retarda- 
tion. 
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Discussion 


Mr. G. A. Wauciiope, M.I.Mech.E., who opened the discussion 
said in connexion with the paper by Mr. Binnie and Dr. Thackrah 
that water hammer in a pumping main and its prevention were 
of great importance and, while there had been a good deal of 
discussion about it in the United States, not much had been 
done in Great Britain. 

In practice, it was not absolutely essential to be able to 
accurately calculate the pressure surges. It was essential to know, 
however, what type of protective measures must be taken and 
when they must be taken, to keep the pressure surges below the 
maximum sale working pressure ol the pipes and fittings. 

Eig. 30 showed the problem which confronted the designers of 
pipe-lines and pumps. He had shown a curve without a scale 
suggesting the relation of the pressure surge to the head and 
length ol pipe. He had divided the problem into three types: 
type 1 was one extreme, in which the static head— the distance 
through which the water had to be raised from the suction level 
to the discharge level— was great in proportion to the length of 
the pipe. At the other extreme was the reverse condition, type 3, 
where die distance between the suction level and the discharge 
level was relatively small but the pipe might be of considerable 
length. When the pipe-line was short compared with the static- 
head (type U the problem was due to the quick reversal of flow. 
Anon-return valve must dose before the return flow commenced. 
That was not always possible and, consequently, the non-return 
valve flaps might be slammed with great violence and much 
damage done. 


Under type 2 conditions the state of affairs was easier, there 
the amount of kinetic energy in the pipe was such that the flow 
continued gently, and the water drawn through the pump was 
not at a high velocity. Partition of the water column did not take 
place, the return flow did not slam the reflux valve, and the 
reflection of pressure occurred many times before the valve 
closed. 1 hat was probably the most common arrangement, and 
might explain why the problem had not always received the 
necessary attention. 

1 he authors’ type ol slam in the electronic apparatus had 
shown that the rise in pressure might be high if no air were 
admitted into the pipe. He suggested that the effect of letting air 
into the pipe was to produce a curve of the type shown dotted 
on the right of Fig. 30; after a certain increase in length, for a 
given head the admission of air began to reduce the pressure 
surge until, when the pipe was long enough with respect to the 
head, the air might almost entirely remove the pressure surge. 
He doubted whether the position at which the dotted curve went 
to zero was correct, but for practical purposes under those 
favourable conditions the pressure surge could probably be 
neglected. 

He asked whether the authors could indicate the position of 
point A on Fig. 30, and whether they could insert a scale. That 
might be too difficult, but it was a matter of importance to those - 
responsible for the design of pumping equipment and pipe-lines 
where electric motors, which stopped suddenly, were involved. 

I he shape of the curve could be correct for a certain velocity 
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condition, it, however, for type 1 conditions the velocity were 
higher, the flow of water would cease less rapidly, and possibly 
the pressure surge would be less, whereas, for type 3 in the 
liigher velocity condition the surge was reduced when air was 
drawn in. 


permitting water— instead of air, as in the authors’ experiments' 
— trccly to enter the pipe, and he would be interested to have 
comments on the advantages of that method. Many engineers 
did not advocate admission of air to water mams because 
ol possible corrosion. He wondered whether it was considered 



LOG L/H 

Fig. 30. Varying Arrangement of Pipe-lines and Pumps 


Type 1, H large in proportion to L. 

Type 2, intermediate condition. 

Type 3, H small in proportion to L. 

Also, under type 3 conditions the pumps must take some 
definite time to come to rest. He wondered whether the authors 
agreed that would have_the eifect of increasing the pressure 
surge, because the average change of velocity during the stopping 
period was reduced, so that the quantity of air drawn in was 
smaller and therefore its cushioning effect would be less. 

An interesting application of the admission of air to a pipe-line 
was in connexion with suction dredging, where spoil was drawn 
up by means ol a suction pipe, and discharged through con- 
siderable lengths of piping. The operator might allow the 
suction pipe to get too near the ground, and be sucked down on to 
the ground when immediate shutting off would be nearly attained. 
The danger of pressure surge was overcome by putting a non- 
return valve on a T-piece in the discharge pipe-line near the 
pump, so that it was kept closed when the pump was operating 
properly and opened as soon as the pressure in the pipe-line fell 
below that of atmospheric pressure, thus admitting air to the 
pipe. It that were not done, the casing of the pump might be 
split. 

Fig. 31 showed the contour of a pipe-line which represented a 
lamihar type ol pumping main. Above the contour was the 
hydraulic gradient when the pump was working. Air valves were 
fitted at the highest points to prevent air locks. He asked the 
authors’ views on what relief might be obtained in such an 
arrangement by the air being permitted to enter the pipe at the 
normal air release-valve positions. 

Various graphical methods of dealing with pressure surges 
had been published which had the delect in most cases of 
assuming that lower pressures than could actually be achieved 
occurred at the first reflection. He asked the authors’ views on 
the application of those methods where air could be admitted. 

An attempt could be made to overcome or minimize surges by 
employment of a by-pass to the pump, incorporating some form 
of non-return valve (authors’ method (b)). It had the effect of 



Fig. 31. Pipe-line Contour 
> Air-valve positions. 


reasonable to assume that the disadvantage might be minimized, 
if not eliminated, if the pipes were made of steel or cast-iron 
lined with concrete or asphalt. 

He thought that Dr. Krol’s paper might lead to other develop- 
ments. The automatic hydraulic ram was a device which had 
been in use for many years, but had not been very generally 
applied. 

Consideration might be given to increasing the frequency and 
applying the principle to produce small Hows of liquid at high 
pressures from sources of low head and high quantity ; pump 
designers were always trying to achieve that in the most economic 
way. 

Air. H. R. Lupton, M.C., M.A., AI.I.AIech.H., said, in regard 
to the paper by Mr. Bnmie and Dr. Thackrah, that the method 
of preventing water hammer in pumping mains which the 
authors had developed particularly was die admission of air int# 
the main. Air in long pumping mains was an anathema to water 
engineers ; they knew that when a main had not been properly 
de-aerated it would probably burst. 

'There were often accumulations of air at the high spots in 
the main, and one of those accumulations might move so that 
there was a sudden change in the velocity of the water. The 
moving mass of water might come up against another bubble 
banked up and, being rapidly checked, cause a high pressure. 
It was known that air admittedeinto mains was liable t» result 
in high pressures in unknown and unpredictable ways, so that 
he would rather not adopt that method of preventing water 
hammer. 

'The last of the six methods of preventing water hammer 
given by the authors was to put a by-pass round the pump and 
its valves, which should allow water to follow the retreating 
column in the long delivery main and so prevent cavitation if 
the driving agent stopped. He would prefer to say prevent 
“separation”, because there might be a definite separation of the 
long water column with no water to follow behind it. The by- 
pass method could be applied only where the supply was 
within suction distance of the main; if a pump in a well stopped, 
probably the atmospheric pressure would be insufficient to cause 
the water to follow through the by-pass and prevent it separating 
from the retreating column. 

At Ashford Common the Metropolitan Water Board had 
5,000 h.p. of grid-driven pumps. Delivery was effected through 
several large mains. To reduce the probability of bursting 
through “separation” considerable trouble to provide safe- 
guards was' worth while. No provision was made to prevent 
ordinary surges. 

Each of the pumps at Ashford Common delivered through a 
hydraulically operated valve. The valves would be shut when 
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the pumps started and, normally, shut before the pumps stopped ; 
therefore, non-return valves were not necessary. They took the 
place of both sluice and non-return valves. They shut and 
opened at a controlled slow speed under the action of hydraulic 
power, independent of electric power. That would normally 
cause the pumps to stop and start without introducing any un- 
due pressure or surge on the main. In the event of the electric 
power failing without warning, the valves might shut down 
more quickly than the column of water ceased to flow, but a 
by-pass must be provided in any case, because the resistance 
imposed by a pump against continued forward flow, when the 
driving agent stopped, was such that separation would occur. 
Atmospheric pressure would not continue to impel water through 
an undriven pump at the rate at which the water was retreating 
along the main. 

With those particular pumps, at any rate in the two largest 
sizes, the time taken between the failure of electric power and 
the differential pressure across the pump falling to zero was 
about 3 seconds. If the authors’ method (1) were adopted, and 
ltywheels were put in, the period could be increased to more 
than 3 seconds, but the Board had not been recommended to 
do that. 

A by-pass valve was installed in parallel with each group of 
pumps, one for every delivery main, placed in a bv-pass 
round the three pumps (there were three pumps in a group) and 
set to open in a period of about 2 seconds under hydraulic action 
in the event of a failure of electric power, and to remain open 
for a period of about 70 seconds in the case of the longest of the 
mains delivering to the farthest destination; that being the 
period during which the forward flow went on under the action 
of momentum, opposed by gravity. The valve would then begin 
to shut gradually, so that there would be no excessively high 
pressure. The period during which the valve could shut was 
adjustable, but was long. There was usually no difficulty in 
disposing of the water, which in an emergency would have to 
be let in backwards into the suction well. 

It might be objected that hydraulic valves might not work, 
arid that some device was needed in the station which was more- 
reliable and safer than a valve operated by external means, even 
hydraulic. lie also held that opinion. To overcome that another 
valve which did not depend on external hyd raulic agency for opera- 
tion had been put in parallel with each of the by-passes to each 
group of pumps. He called it an “unbalanced opening, balanced 
closing” valve. It was merely an ordinary flap valve placed 
vertically, the two flaps of which, when they were opened by the 
forward flow of the water, would push up a sleeve by means of 
two rods and form an alternative path for the water. When the 
forward velocity through the valve ceased, the flaps would fall 
shut again, but there was lost motion between them and the 
sleeve, so that the sleeve need not fall shut at the same time, and, 
in fact, would not do so, because it was held up by a dashpot. 
The dashpot was set to allow the sleeve valve to shut only at 
such speed as would never impose excessive pressure on the 
main. 

Mr. P. Linton, B.Sc., A.M.I.Mech.Ii., congratulated Air. 
Binilie and Dr. Thackrah on their clear demonstration of the 
advantages of injecting air into a pipe-line when die flow was 
suddenly stopped. The surge pressures had been reduced to 
approximately one-tenth compared with the unprotected pipe, 
and the inadequacy of a relief valve in reducing the surges was 
clearly apparent. 

The authors had shown considerable ingenuity in obtaining 
mathematical expressions for the main design values, but the 
complexity of those expressions would prevent many engineers 
from giving that method of surge protection the favourable 
consideration it deserved. He referred in particular to equation 
(2) which gave the volume of air absorbed, and equation (3) 
which gave the time taken for the column to come to rest ; 
equation (0) was an implicit relation from winch the maximum 
pressure might be obtained. Equations (2) and (3) were not 
easily solved when dealing with a large number of cases. The 
authors had mentioned that the solution of equation (6) would 
be greatly facilitated by the tables published by the Federal 
Works Agency ; that would probably not make it popular with 


water engineers and others interested in the solution of the 
problem. 

He would like, therefore, to direct attention to a method by 
which a solution could be obtained with only slide-rule and set- 
square. It was the Schnyder-Bergeron graphical method, which 
made use of a head-velocity diagram in which the conditions at 
the two ends of the pipe-line were plotted as the boundary 
curves. One of the boundary conditions was the combined static 
and friction characteristic, which was equivalent to the curve 
for pump head shown in Fig. 5. 

In Fig. 32 the initial condition might be represented by the 
point A. When the How stopped suddenly, the pressure and flow 
fell in such a manner that they were represented by points on a 
straight line through A of slope Ah/Av = a If;, a being the 
velocity of the surge waves in the pipe. The head would drop 
until the setting of the air valve was reached. The condition at 
that end, the second boundary condition, was given by the 
horizontal line corresponding to the head represented by the 
setting of the air valve. The column would travel on, and its 
velocity would slowly be diminished by means of surges passing 
backward and forward ; those were represented in Fig. 32 by 
further straight lines, surge lines, which went backward and 
forward between the two boundary curves in the manner shown ; 
the slope, alternately positive and negative, being given again 
by a lg. 

It was then possible to evaluate directly the time taken for the 
column to come to rest and the volume of air drawn in*The time 
taken in the example chosen — 6 ft. per sec. initial velocity and 
7-3 feet of water valve loading — was 18 pipe periods or L33 
seconds, compared with the 1 -29 seconds calculated by the 
authors. The distance travelled by the column, which could be 
obtained by multiplying the time of each period by the velocity 
during that interval, gave 0 0691 cu. ft. of free air, compared 
with the figure of 0 0624 cu. ft. obtained by the authors. 

When the water column reversed, the air valve closed and the 
air contained in the pipe would act as an air vessel. A construc- 
tion for that case had been given by the French engineer 
Bergeron (1950)*.'' While the surge lines were continued as 
before, so-called fictitious surge lines were drawn for the “transit 
of the surge through the air space to the dosed valve”, the 
boundary condition of which was represented by the axis of 
heads (zero flow). The slope of the imaginary surge lines 
was given by AhjAv — AtH 2 12V 0 H U , where A was the cross- 
sectional area of the pipe, t the time interval for which the con- 
struction was carried out (in that case, one pipe period), H the 
absolute head during die period, and U 0 and H 0 the initial 
conditions, volume and head, of the air in the air space. A point 
representing the pressure and velocity at the air end of the water 
column was thus obtained from the one a period previous by 
drawing a true surge line which was reflected from the discharge 
end of the pipe, and a fictitious surge line reflected from the 
closed valve. 

The only variable in the expression for the slope of the 
fictitious .surge line was H, which varied as the pressure rose, 
and it was sufficiently accurate with that method to change that 
in steps of, say, 5 feet of water without seriously affecting the 
accuracy of the result. The construction could be continued as 
long as desired; it would give pressure, velocity, position of the 
water column, and time for any part of the oscillation. In 
particular, the maximum surge pressure was found to be 
78-2 feet of water absolute, which compared with 81-4 feet 
calculated by the authors, and an experimental value of 72-8 feet. 

The graphical method involved the same assumptions as 
those on which the authors had based their calculations and it 
could not, therefore, produce more accurate results. In general, 
however, it was quicker, while being sufficiently accurate, and 
it provided a direct picture of the changes in flow taking place. 
It would also be possible without great difficulty to take account 
of other factors, such as slow closing of both gate valve and air 
inlet valve, the effect of pump characteristic, and other conditions 
which would make a mathematical solution almost impossible. 

The authors’ air valve was light and comparatively large, and it 
would be interesting to investigate how the standard type of air 
valve normally litted to pipe-lines would react to such a breaking 

* Bergeron, L. 1950 “Du Coup de Belier en Hydiauhque au Coup 
de Fondre en Electricity”, p. 58 (Dunod, Paris). 
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of the water column. The reflection of surge waves at a change 
of section, as expressed in formulae (20)-(22), was first described 
by Lowy (1928)*. 

He would be interested to have views on the injection of air 
into a pipe-line. His experience had been that water engineers 
were anxious to avoid the presence of even small quantities of 
air in a main. To overcome that objection it might perhaps be 
possible to form the air cushion in a separate chamber connected 
to the pipe by a quick-acting valve. 

Air. H. R. Grtiin (Winchester), commenting on Dr. Krol’s 
paper, said that a 2-inch ram wuuld give its highest ellicieney 
when using from 10 gal. per min. down to 3 gal. per min. Simple 
types of ram would work with practical efficiency, using rubber 
valves, with a ratio of fall /lift varying from 1/21 to 1 / 30 or 1 / 40. 
With compound rams with differential pistons any ratio might 
be obtained up to 1 /8() to 1 / 1 00. Compound rams hpd not been 
considered. They employed the same system as the simple 
hydraulic ram, but instead of the blow forcing the water through 
directly to the delivery main it forced up a double-acting piston, 
one end of which was really a single-acting pump. Dirty water 
could be used to operate the ram, and dean water could be 
sucked up and delivered in the normal way. 

* I.dwY, 1928 “Druckschwankungen in Druckrohrleitungcn” 
(Springer, Vienna). 


His linn had made and installed over the years a number of 
rams to work with as small a supply as \ gal. per min. ; they were 
fitted with metal outlet valves with a rubber buffer to compensate 
for the low suction. 

The author had stated that the use of those rams had not 
been as widespread as was warranted, but they were in use all 
over Great Britain, in India, and elsewhere. His firm had one 
which had been in existence for 126 years and was still giving 
the same service as when originally installed. 

There were two types of compound ram? the double-acting 
piston type, and the type with a rubber tube in the centre and 
a gunmetul cage on the outside. The blow of the ram opened 
;md closed the “breathing” tube, and the clean water was cir- 
culated on the outside. As the blow forced the rubber up against 
the cage the water was delivered, and on the recoil it wa* 
in. That type could not be used where it was essential that the 
dirty water should not mix with the clean, because if the rubber 
tube were punctured contamination would result. 

It had been found by experience that the weight of the 
impulse valve did not affect the efficiency, provided the ram 
would pass the desired quantity of water. It had been said that 
certain weights affected the etticiencj^of the ram, but in practice 
they had not found that to be so. 

The correct length of drive pipes should always be based upon 
the ratio of the fall to the lift, i.e. the length for a fall of 10 feet 
forcing to an elevation of 100 feet should be approximately the 
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same as for a fall of 30 feet forcing to an elevation of 300 feet. 
To decrease the loss by friction the length should be as short as 
possible consistent with ability to force to the given elevation. 
It should be on an even- gradient throughout. 

Mr. M. O. W. WOLi'i; (Tarnborough) said, with reference to 
the paper by Mr. Btnnie and Dr. Thackrah, that he had been 
interested to lind that with the actual measurement of the ram, 
the “top hat” diagram with corrugations on top. Fig. 14, showed 
no signs of “organ pipe” resonances in the passages of the 
pressure gauge, or resonances of a mechanical nature of the 
moving parts of the system. He had been surprised because 
the rate of change of pressure was very high indeed, as far as he 
could tell from the diagram. Possibly the absence of resonances 
in the pipe of the pick-up was due to the presence of the grease 
which the authors put into the tubes. 

Air. II. D. Manning, H.Sc. (London), said that previous 
speakers seemed to regard the subject ol water hammer as con- 
nected purely with clean water, whereas the problem cropped 
up with sewage, where the conditions were slightly different. In 
most sewage pumping stations the quantities were small; rising 
mains were short, there was usually a substantial head, and 
Mr. Wauchope’s second type of condition usually applied. 

The site of a town with which his lirm was concerned was 
very flat, and for various reasons large pumping units had been 
installed in sewage pumping stations and were fitted wdth small 
pump wells, resulting in frequent stopping and starting of the 
pumps. In a typical case the rising main was up to 5,000 yards 
long and 54 inches in diameter, with a static head of about 
20 feet; there were up to 10 or 12 starts per hour. 

The theoretical analysis on the basis suggested by the authors 
showed that, in at least three instances, there was risk of damage 
to mains and non-return valves by water hammer, and it was 
suggested that the admission of air might eliminate the risk. 
Flap valves, 6 inches in diameter, with an adjustable counter- 
weight to get different conditions of pressure at which air was 
admitted, were provided in each case. 

It might be assumed that those valves fulfilled their purpose, 
since the stations had been running for some months, and some 
for over a year, and he had not heard of any trouble. That 
evidence was negative, however, in so far as he had not personally 
verified that the valves were even installed. Fach air-admission 
valve had been provided with an isolating sluice valve, and, 
although clear instructions were given that those valves should 
be left open it might be found that the valves had been shut all 
the time. 


Mr. H. W. Puttick, Al.I.AIech.E., said that the East Indian 
Railway had installed a rising main for pumping about 10,000 
gal. per hour of water from a tube well in the United Provinces. 
There was an 8-inch main, 1 } miles in length and the static head 
was 150 feet. The vertical-spindle pump was protected by a non- 
return valve and a large air bottle inside the pump house. A 
power lailure occurred while the pump was on its trial run, and 
the main was completely carried away at the right-angled bend 
outside the pump-house. 

Four non-return valves were subsequently fitted in the pipe 
at intervals ol 400-500 yards. There was still considerable 
water hammer — not dangerous water hammer, but heavy 
knocking. It was then decided to drill each non-return valve 
with a small hole to obtain visual indication of the depth of 
ihe water in the overhead tank from a special pressure gauge in 
the pump-house. The small holes completely eliminated the<^ 
knocking in the rising main. Perhaps the authors could give an 
explanation for that. f * C O 

Mr. T. P. Wakeeord (London) observed that water engineers 
tried to send only sterile water from the works. If they let 
foreign matter get into the mains, they could not be certain that 
the water was pure. The air in a pumping station might not be 
sterile, but it would probably not cause any contamination. 
The pressure in the main, however, might go below atmospheric " 
pressure when it would be possible for contaminated water out- 
side the main to get in through a leaky joint or a leak in the pipe. 

If, as had been suggested, automatic air valves were provided 
on the length of line of main and used to admit air, the pits in 
which they were situated might be full of contaminated water 
which could enter the main and cause trouble later. 

Mr. T. E. Beacham, M.I.Mech.E., said that he would like to 
mention a problem in power transmission which was similar 
to the one dealt with by Mr. Binnie and Dr. Thackrah, in the 
hope that they could offer a solution. It concerned the pressure 
surge from a loaded hydraulic cylinder at the moment when it 
was open to exhaust. The main cylinder, at the instant before it 
was opened to exhaust, was full of liquid under pressure. The 
liquid was compressed by the pressure, hence a large amount of 
energy was stored in it. T hat energy, as well as the strain energy 
in the columns and cylinder waits, was released when the valve 
was opened, and might cause an extremely heavy hammer blow. 
One method of preventing the blow was first to open up the 
cylinder to a restrictor, but conditions varied widely from one 
installation to another; the designer needed some means of 
calculating how big the restrictor had to be and for what length 
of time it had to operate. 


Communications 


Professor Herbert Addison, O.B.E., M.Sc., M.I.Mech.E., 
wrote in connexion with Dr. Krol’s paper that the author had 
stated that the two variables were the length of the impulse valve 
stroke and the weight of the impulse valve, but it was ditlicult 
to find from the paper what were the actual values selected for 
each of the series of experiments. He asked whether the missing 
data could be supplied. 

The author’s conclusion (3) would be still more acceptable if 
it could be supported by typical figures. He wondered whether 
experimental results could be selected relating to the conditions 
of constant supply head, constant delivery head, constant 
impulse valve weight, and varying impulse valve stroke. If 
efficiency and rate of discharge were then plotted against impulse 
valve stroke, it could be seen which setting gave the highest 
efficiency, and which gave the highest rate of pumping. 

In regard to efficiency, the maximum values recorded in the 
paper hardly seemed to do justice to the merits of the hydraulic 
ram or to the care which had evidently been devotee! to the 
experimental observations. Whereas the graphs showed no 


efficiency higher than about 53 per cent, other installations on 
the same general scale as the author’s had yielded values of 
nearly 70 per cent efficiency. He wondered whether it would be 
possible to modify the experimental equipment with the aim of 
improving its performance. 'The author’s conclusion (8) itself 
offered encouragement. If doubling the size of the air chamber 
raised the efficiency by 10 per cent, a still further increase in 
capacity might be profitable. It was difficult to understand 
why that recorded gain was so consistent. If the chamber had 
always been kept fully charged with air, its effect might have 
been expected to vary with the mean pressure within it and with 
the rate of discharge of the water flowing through it. 

A possibility of improvement that other experimenters (for 
example, Parker 1913)* had studied was to control the move- 
ment of the impulse valve by a helical spring instead of by a dead 
load. T he more rapid response of the valve probably obtained by 

* Parker, P. A. M. 1913 “The Control of Water as Applied to 
Irrigation, Power, and Town Water Supply Purposes” (George 
Routledge and Sons, Ltd., London). 
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doing so might help to reduce the area £>, (Tig. 24) and thus 
lower the energy loss in the system. Doubtless a partial explana- 
tion of the low efficiencies quoted in the paper could lie revealed 
- rl an energy balance were drawn up, showing what percentage 
of the energy input to the ram was dissipated in the drive pipe, 
how much was carried away by the water escaping pasL the 
impulse valve, and so on. 

A most valuable part of the paper was its preamble, which 
traced the historical development of the hydraulic ram. He 
wondered, however, whether the unavoidable noisiness of the 
device hail not been treated rather too lightly, and whether the 
author had received complaints about noise from other occupants 
of the building in which he had made his experiments. 

Professor Roman' V. Angus, B.A.Sc., M.F., M. I. Mech.fi., 
wrote that the care shown in the experimental work described 
in the paper by Mr. liinnie and Dr. Thackrah indicated that the 
results were accurate and might be accepted with confidence. 
T he authors were to be commended for the methods used in 
obtaining accurate pressure records by the electrical method. 
He asked if any history of the movement of the valve J was 
1 ecorded, for, in the short pipe used, the return wave came 
back to the valve in a small fraction of a second, winch was 
perhaps no longer than the time taken for the valve to close. 

The instance where the w'ater column in a pump-discharge 
line parted, owing to low pressure at some point in it when the 
pump was cut out, was not uncommon in practice, and might 
occur in pipes where the pump pressure exceeded about 40 feet 
ot water, and where the axis of the pipe rose quickly at the start 
and then remained nearly horizontal until the water was dis- 
charged into an open reservoir. The problem had been discussed 
by various writers and he had treated it in several papers*. He 
had met several instances of the water column parting. The point 
of rupture ot the column was readily located theoretically, and 
experimental observation confirmed the accuracy of the location ; 
he had studied that problem by the use ot the graphical method 
explained in his papers and had shown how to calculate the 
maximum distance between the columns, and also the volume 
of air that would enter through an air valve at the point of 
Reparation. '|7he authors’ mathematical study of the same 
problem had 'added materially to the knowledge of the subject. 

The problem ot the parted water column must receive careful 
attention or serious damage might be done when the columns 
reunited, unless some protection were offered. The idea given 
•in the paper, which dealt in particular with the effect of con- 
fining air within the space between the columns and using it as 
a cushion between the approaching parts of the column, was not 
new and had often been suggested to him. He had never adopted 
it, however, because he felt that it was too unreliable. It was an 
inexpensive method and he hoped that the authors could give- 
examples of where it had been tried. Leakage ol the air would 
result in failure. He knew' of an instance where the air inlet on 
a large main failed to open anil damage would have resulted 
but for other protection. Naturally the paper dealt with a more 
nearly ideal arrangement than was met in practice. 

The authors had named several proposed plans for dealing 
with the parted column, and had inferred that two of them were 
ineffective in reducing the pressure due to sudden starting up. 
'They were mistaken in making this criticism of his method, 
because provision was made for filling the vacant space with 
water before pumping was restarted. Apparently, however, 
the authors were referring to general protection against water 
hammer ; if so, he had nevjf, in a long experience with pumps- 
ajjjLjjj^ping lines supplicdby centrifugal pumps, encountered 
anlnstancc of dangerous pressure rise yhen starting up, exc#t 
0mf e the cir eph ^reake|#gB Mfi d before the pump was up U 
Wjj p x np m speecP-when^mr normal water hammer probTem 
arosyUndoubtedly air chambers were a great help, but they 
appeared not to be the best solution to the problem, and the 
detects ot the spring-loaded relief valve were well known; the 

* Angus, R. W. 1037 Pn>c. I.Mech.F.., vol. 136, p. 245, “Water 
Hammer in Pipes, Including those Supplied by Centrifugal Pumps : 
Graphical Treatment”. 

1939 Trans. American Soc. Cavil Eng., vol. 104, paper No. 2024, 
“Water Hammer Pressures in Compound and Branched Pipes”. 


authors had rendered a service, however, in obtaining a recora' 
of what happened in it. 

The method of reducing water hammer by means of a short 
pipe used as a by-pass around the pump should be further 
explained, as it did not seem practicable unless the by-pass 
contained some sort of specially designed valve, which was 
normally closed but opened lor the return flow of water. Fly- 
wheels were often surprisingly effective, even in relatively small 
sizes, and he had not noticed trouble with them in starting up, 
even with “across the line” motors. In a recent instance a low- 
head propeller pump had been badly installed in a short line 
with only a foot valve to check the backward How of the water. 
The first time rite pump had been stopped the casing had been 
cracked by water hammer, but the trouble had been entirely 
cured by attaching a relatively small flywheel to the pump shaft. 
The necessary dimensions of the flywheel were not difficult to 
determine. 


Mr. R. C. (Jni-i-N (Winchester) wrote that he had been con- 
cerned with many hydraulic-ram installations having almost all 
possible working conditions, and, although the hydraulic ram 
appeared to be an exceedingly simple machine, his tirm did-not 
claim to have mastered all its capabilities. 

His tirm was careful as to the arrangement of the supply 
“catchpit” or tank to ensure that the water passing into the 
drive pipe was absolutely irec Irom air, and, in his opinion, with 
the arrangement shown in Dr. Krol’s paper, owing to the use of 
a centrifugal pump and the manner in which it was connected 
to the supply tank, the water would be aerated. He would expea 
the air vessel to be frequently over-filled with air and lire.., 
automatic working to be affected. »P 

In his experience the freight of a metal discharge valve had no 
effect whatsoever on the efficiency of th$ pain provided it was q| 
sufficient capacity to pass the rcejjtri r e d q tafi ttr y of power water. 

A metal discharge valve would not generally work automatically 
where the ratio of fall to lift was less than 1/6 unless it were 
assisted from its sealing by either a light spring or rubber buffer. 

It was not advisable to use simple types of ram with lifts 
exceeding GOO feet. 

He had long appreciated the superiority of the rubber delivery 
valve made with large area and lowest possible lift or opening, 
anil, in consequence, he had designed a rubber outlet valve. Such 
valve was lilted with a single, simple, central adjusting spindle 
capable of adjusting the varying quantities of power water flowing 
through the pulse valve. For instance, a 2-inch drive-pipe 
passing from 10 gal. per min. down to 3 gal. per min., gave 
uniform efficiency over that range, and for a 3-inch drive-pipe 
the range was 30 gal. per min. down to about 10 gal. per mjj 

The rubber outlet valves were found to give 5 per cent better t 
deliveries generally than metal valves. There was no necessity 
ever to send the valve bodies to the works for reseating, as a 
new rubber valve could be fitted by any unskilled person of 
average intelligence. 

Rubber valves lasted from three to twenty years according to 
the working conditions and quality of the water. » 

Mr. P. Linton, B.Sc., A. M. I.Mech.F., also wrote that he 
thought the claims of Mr. Binnie and Dr.- Thackrah concerning 
the natural frequency of the pressure gauge used for the tests 
should not go unchallenged. While they had correctly quoted 
Wolfe’s recommendation for a ratio of 0-3 between the highest 
frequency of the pressure to be recorded and the natural 
frequency, the natural frequency referred to the pressure pick- 
up as a whole anil not to the diaphragm itself. A calculation 
showed that the passages connecting the cavity below the 
diaphragm to the pipe had a natural frequency of 5,500 cycles 
per sec. when filled with air, while the cavity itself, considered 
us a Helmholtz resonater, oscillated at 1,440 cycles per sec. 

It had been found in practice! that resonance actually occurred 
at approximately 4,000 cycles per sec. when the cavity was full 
of combustion gases. The authors had mentioned that the 
passages were filled with vaseline, when the natural frequency 
was likely to be about 14,000 cycles per sec. If, however, some- 
air had been trapped underneath the membrane, resonance 

f Private communication from Mr. Wolfe. 
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would occur at a frequency nearer to that for air. It was probable, 
therefore, that the maximum frequency component which the 
gauge could followaccurately, was only about 2,500 cycles per sec. 

Mr. D. G. Young, B.E., and Mr. R. D. Watkins, B.E. 
(Brisbane, Australia), wrote in connexion with the paper by 
Mr. Binme and Dr. Thackrah that they had recently been 
engaged on experiments for a thesis on the Electronic Measure- 
ment of Water Hammer. 

Pressure surges had been measured adjacent to a gate valve at 
the end of a simple pipe-line connected to an open tank. 

Water-hammer Measurement . In the experiments, from tank 
to valve the line consisted of twenty lengths, each of 21 feet, 
connected by screwed couplings. The line was straight and free 
from branches, and was of uniform section except for dis- 
continuities at couplings. 

Behind the previously calibrated gate valve was placed a 
Special adapter to carry the pressure head of the measuring 
instrument. The valve spindle had been modified to permit lever 
operation for rapid closures. 

The pressure head was of capacity-diaphragm type and the 
pressure diaphragm was arranged as one pole of a parallel-plate 
condenser. Any variations in pressure caused deflexions of the 
diaphragm, and hence changes in the capacity of the condenser, 
causing, in turn, an alteration of the potential across the poles 
of the condenser. By connexion to a capacity micrometer those 
changes could be shown on a cathode-ray oscilloscope. 

The velocity of llow in the pipe had been estimated from the 
time taken to drain a portion of it, and, in testing, the valve had 



a Static calibration. 



c Pressure surge 2. 

E'ig. 3 5. Comparison of Calc 
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been closed, the pipe and tank Idled, and the pressure head con- 
nected to the micrometer detector and the oscilloscope. The 
machines had been switched on for about 20 minutes to warm 
up. The micrometer detector had been set to the required 
sensitivity, the valve opened, the detector voltmeter set to zero, 
and the valve closed. The spots on the oscilloscope screen had 
been adjusted for brightness and focus, and set to the centre of 
the screen. 

The valve having been opened and the llow having become 
constant, the valve was dosed, as rapidly as desired, and the 
pressure changes were recorded by a camera. 

Comparison oj Calculated and l:\perunental Data. The photo- 
graphic coiiies ol sections of the recorded trace for the time 
periods covering the initial pressure surge due to valve closure 
and the subsequent surges following separation showed reason- 
able agreement with a theory that makes allowance for losses 
(Eig. 3 5). llow'ever, owing to the large energy losses assumed 
to occur at separation, the calculated values might not be 
regarded as a reliable check on recorded values. 

Actual surge records showed two particular characteristics: — 

(1) Owing, presumably, to the breakdown of the surface of 
separation alter the initial surges, there was a degeneration of 
the surges alter surges 1 and 2 (Eig. 336 and c), from a step-type 
lunclion to one with more gradual rise and fall. 

(2) Pressure surges, particularly surges 1 and 2, showed 
transient variations occurring more or less at uniform intervals 
ol time. It was proposed to investigate those further, with respect 
to the hypothesis that those ellects were due to the discontinuities 
of joints. 



b Pressure surge I. 



d Pressure surge 3. 
ulated and Recorded Surges 
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Mr. A. M. Binnie and Dr. D. CL Thackrah wrote in reply 
to die discussion and communications that they regretted that 
they could not add scales to Mr. Wauchope’s Big. 30 because 
they did not know the relation between pressure and velocity at 
the pump outlet while the pump was coming to rest. However, 
with the aid of the formulae given in the paper they had worked' 
out the maximum rebound pressures in a protected and an un- 
protected pipe-line for various ratios of the length I, to the static- 
lift II. Even that problem was too intricate to admit of a general 
solution, and it was lound necessary to adopt numerical values 
of the various quantities involved. 

I he pipe-line was taken to be 12 inches in diameter with a 
hydraulic gradient of 1 in 30 at an initial velocity — 8 ft. per 
sec. The air valve was supposed to be unloaded so that P = p 0 
= 34 feet of water. With a constant static lift II = 50 feet the 
calculations were performed for five values off.: 10, 10-, 10', 
10 4 , and 1U ; ’ feet, the results being shown in Fig. 34. The 



Unprotected. With air valve. 


assumptions made being ditferent from those of Mr. Wauchope, 
the absence of a minimum was to be expected. The effect of 
variations in L is seen to be small when LjH is small because 
inertia forces predominate over friction forces. At the other 
extreme where LjH is eery great indeed, friction is all 
important and an air valve is unnecessary. Mr. Wauchope had 
asked whether the pressure surge would be raised because the 
pumps did not stop instantaneously. In view of Eig. 5 the authors 
did not think that a definite and general answer could be given 
to that question, again because the pressure and velocity changes 
during the slowing-up period depended upon the details of the 
plant. 

In regard to the communication by Professor Angus, recently 
they had seen advertisements of large mechanically operated by- 
pass valves which were available in the United States. In their 
experiments they had not tried to measure the valve movements. 

Mr. Linton had worked out the natural frequencies of the 
space below the diaphragm and of the connecting passages when 
full of air and when full of vaseline. They thought it unlikely 
that the whole space had been completely filled with vaseline. 
As Mr. Wolfe had suggested, the vaseline would exert a very 
marked damping elfect (not readily amenable to calculation) on 
local oscillations in the passages. 'They had been agreeably sur- 
prised to lind that the gauge followed the violent initial and final 
pressure changes without overshooting, therelore they had 
thought it unnecessary to attempt the difficult task of measuring 
the natural frequency of the gauge. 

The photograpliic records sent in by Mr. Young and Mr. 
Watkins were extremely interesting. For the theory of surges in 
a viscous liquid flowing in a pipe they should consult a recent 
paper*. There the solution of the differential equation govern- 
ing the motion was obtained and applied to tests carried out 
on very long pipe-lines by the Joint Surge Conferencef. 

Since the paper was read, lurther experiments with the same 
apparatus had been carried out by Mr. P. II. D. Hancock. First, 

* Binnie, A. M. 1951 Quarterly Journal of Mechanics and Applied 
Mathematics) vol. 1, p. 330. 

t Final Report ( PM<q t ,f the Joint Surge Conference: Middle East 
Pipelines, Ltd., 293 Regent Street, London, W.l. 
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an attempt was made to verify the conclusion that the pressure 
fluctuations in Fig. 14 were due to reflections from bends, 
sockets, etc. With that end in view, the straight length between 
fittings / and g, listed on p. 51, was removed together with the 
bend They were replaced by the arrangement shown in plan 
m Fig. 35, below which the distances measured f rom the disk 
valve are given. The new values for h and the total length L were 
168-8 and 181-7 ieet, and the lriction cocfhcient k was increased 
to 0-414. Observations of the pressure rise were made as 
before at r 0 = 9 ft. per sec. 



Fig. 35. Alterations to Pipe-line 

/' At 111-4 feet, a 90 deg. bend. 

/ At 119-9 feet, a 90 deg. bend. 

J" At 139-4 feet, a 90 deg. bend. 
s' At 148-8 leet, a socket. 


\ 


f he resulting diagram, which was closely repeatable, is 
shown in lug. 36, which should be compared with Fig. 14. As 
far as / the trace was nearly, although not quite, unaltered, but 
the remainder differed widely. Exact analysis was impracticable 
because a complex system of secondaiy reflections was set up in 
the pipe-line, but there could^fflW^ffe httl^'^RSWHfeFthc * 
fluctuations were, in fact, due to reflected waves? 

In the course of the work it was found on one occasion that t 
expected water hammer did not occur. Its disappearance was * 
traced to the accidental entry of air, due to the failure of a gland 
packing on the centrifugal pump that supplied the pipe-line. 
The defect was immediately rectified, but it had suggested that 
another method of eliminating violent shocks was to admit a 
small and continuous stream of air, thus providing a cushion, 
not concentrated near the valve but distributed uniformly along 
the pipe-line. Accordingly, an air admission valve was sub- 
stituted for the suction gauge on the pump, and the air that 
passed through the pipe-line was trapped by a bell in the 
reservoir and measured by a gas meter. It was important to 
ensure that no air lodged permanently in the pipe-line, there- 
fore all the experiments were carried out at v 0 = 9 ft. per sec., 
winch was the velocity normally used to clear the pipe-line of air! 



Eig. 36. Tracing of First Pressure Rise in Modified Pipe-line 
Vo = 9 ft. per sec. 
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As a further check, the following tests were made. When the 
air valve had been open for a considerable time, it was suddenly 
shut; and after the lapse of 33 seconds the air flow at the 
reservoir end was seen to cease. When the valve was opened, the 
flrst bubbles appeared in the reservoir after 33 seconds, the full 
air flow being restored about 10 seconds later. In a repetition of 
the latter test, strong potassium permanganate solution was 
drawn in instead of air, the corresponding time being 31 seconds. 
Those observations were deemed satisfactory. The admission 
of even a minute stream of air completely suppressed audible 
water hammer, therefore the electronic gauge was replaced by 
the engine indicator previously used. The resulting diagrams 
showed a succession of surges of rapidly diminishing magnitude. 
The maximum pressures that were recorded with various air 
admissions are shown in Fig. 37, which demonstrate how 



Fig. 37. Maximum Pressures with Continuous Air Admission 
Normal pumping head. Normal static head. 

effective that simple method is; a comparison with l ; ig. 15 a is 
reasonable because the smyll increase in the length of the pipe- 
line could have had little influence upon the maximum pressure 
developed. The reduction in the cliiciency of the pump due to 
the air was not known, but the method is clearly worth con- 
sideration in circumstances where no objection could be raised 
to the presence of a slight amount of air in the pipe-line. 

Dr. J. Kkol wrote in reply that he appreciated Mr. Wauchope’s 
remark that the paper might lead to other developments on the 
subject, as that was exactly what he had in mind when he under- 
took the research. Although the automatic hydraulic ram 
appeared at first to be an exceedingly simple machine, theore- 
tically it involved a number of complex phenomena such as 
unsteady flow of water, water hammer, and die automatic motion 
of the impulse valve. The principal objects of the research were 
(1) to separate the important factors affecting the performance 
of the machine, and (2) to find mathematical relationships 
between them with a view to facilitating an intelligent design. 
The need of such work was substantiated by Mr. R. C. Green’s 
remarks. 

The paper was limited to consideration of a simple automatic 
hydraulic ram with a rigid impulse valve. Future research 
workers might find an interesting field of investigation in the 
study of a similar ram, with particular reference to the eifects of 
various shapes of (1) rigid impulse valves, expressed as functions 
<£(» and R(i), (2) spring-loaded impulse valves, (3) resilient 
impulse valves, and (4) turbine-like impulse valves. After those 
fundamental studies were completed, further investigations 
could be made on the development of the numerous variations 
of the hydraulic ram mentioned in the paper; in particular, a 
hydraulic ram installation designed for large quantities of water 
and involving the application of a concrete drive pipe with a 
turbine-like impulse valve. 
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Mr. H. Green’s remark that the weight of the impulse valve 
did not affect the efficiency appeared to be at complete variance 
with his own experience, based upon careful analysis of the 
behaviour of impulse valves weighing 0-605, 1-485, 2-360, 
3-245, 4 125, and 5-005 lb. respectively. Possibly the type of 
impulse valve used by Mr. Green had such characteristics that 
no marked effects of the load variations were noticeable ; but it 
was a specific and not a general case. The effect of the weight 
of the impulse valve was studied in connexion with the deter- 
mination of the coefficient of drag, expressed by formula (38). 
At reduced lengths of the impulse valve stroke, higher loads 
could be used. 'Thus, for example, up to 4 inch length of impulse 
valve stroke, the ram would operate with the heaviest weight of 
5 005 lb. When the length of the impulse valve stroke was 
increased up to j, v fi -, and g inch, the maximum impulse 
valve weights were 4-125, 3-245, 2-365, and 1-485 lb. respectively. 
Those experimental results were further confirmed by analytical 
studies leading to formulae (50) and (51). 

In regard to the questions raised by Professor Addison, in the 
experimental verification of the theory developed, the charac- 
teristics of the machine were varied by means of twenty-six 
combinations of the length of the impulse valve stroke r and its 
weight W. Those were listed in Table 1 . 


Taisi.h 1 


Scries 

No. 

inch 

W, lb. 

Series 

No. 

j, inch 

IT, lb. 

i 

_ i 

0-605 

14 


1-485 

o 


1-485 

15 

3 

2-365 

3 

! 

2-365 

16 

3 

3-245 

4 

. » 

3-245 

17 

__.i 

4-125 

r> 

t 

rs 

4-125 

18 

i 

0-605 

6 

i 

i 6 

5-005 

19 

i 

1-485 

7 

k 

0-605 

20 

i 

2-365 

8 

k 

1-485 

21 

i 

3-245 

9 

4 

2-365 

22 

, 3 - 

0-605 

10 

£ 

3-245 

23 


1-485 

11 

j 

4-125 

24 

A 

2-365 

12 

4 

5-005 

25 

i 

0-605 

13 

-J. 

1 rt 

0-605 

26 

i 

1-485 


In regard to conclusion (3), from Fig. 28a for die delivery 
head of approximately 82 feet, the liighest efficiency of about 
0-53 could be obtained by the use of either impulse valve adjust- 
ment denoted as series 4 or scries 5. Series 4 gave the power of 
about 2-75 ft. -lb. per sec., whilst the corresponding result for 
series 5 was about 3 40 ft. -lb. per sec. In those circumstances, 
series 5 was surely more advantageous. Similarly, from the 
results given by series 1 3 and 1 6, shown in Fig. 28 b, for a delivery 
head of approximately 87 feet, both series gave the same efficiency 
of about 0-46, whilst the power produced by the series 13 was 
about 3-80 ft. -lb. per sec. as compared with about 11-8 ft.-lb. 
per sec. given by series 16. 

lie agreed with Professor Addison that maximum values for 
eiiiciency recorded in his paper were low. The reasons for those 
low efficiencies were (1) the use of an old drive pipe widi the 
factor 4/ estimated to be in the region of 0-0675, and (2) a com- 
paradvely high supply head, H = 13-0 feet. The main object 
of the research presented was to find a satisfactory correlation 
between the theory and experiment to facilitate the solution of 
design problems and further development studies. 

The theoretical analysis of the effect of the volume of the air 
chamber was very complex. The information available seemed 
to indicate that the air chamber should be designed to contain 
a volume of compressed air equal to approximately 100 times the 
volume of water delivered per cycle. Also, the level of water 
contained in the air chamber should be as low as possible in 
relation to the supply head H. Those requirements called for a 
short air chamber of large diameter. 

The noise caused by the operation of the hydraulic ram was 
closely connected with the application of the rigid impulse valve. 
Further research relating to the application of non-rigid impulse 
valves was likely to eliminate that nuisance. In particular, three 
types of non-rigid impulse valves should be considered (1) spuu*- 
loaded, (2) resilient, and (3) turbine-like. 
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construction' and performance from the one used by O’Brien and 
( losluie. The analysis developed by O’Brien and (msline neglected 
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The substitution j = 6 + c + 1 gives Snice a * “ defincd 113 tlie acceleration of the water column at the 

end of Period 6 when the velocity is v t , or its equivalent v Q , 
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2-in. Ram 


166 V, = 3.2S - (2 X 3 - 1) 0.53 = 0.63 ft./sec. 

2 X 3.28 


t, = 0.00101 log. 


2 X 3.28 - 0.63 


= 0.0001 see . 


2 X 55. S 

t, = — X 3 - 0.0002 + 0.0001 = 0.075 sec. 

44o0 


2 X 55.8 

t' = 0.0002 = 0.02-19 sec. 

4-450 

q. = (62.4 X 0.0233) 


3 X 3.28 X 0.0249 
+ (3 - 1) 2 X 0.00104 
X 0.53 + 0.0010-1 X 0.63 


(3)» X 0.53 X 0.0249 
+ (3 - 1)’ X 0.53 X 0.0002 
+ (3 - 1) X 3.28 X 0.0002 
+ (2 X 3.28 - 0.63) X 0.0001 J 


0. 1S5 lb./cycle 


4150 X 0.00104 

t, = ~ \ (0.100 + — (0530 


54.8 


= -0.18 ft./sec. 


2 X 0.00104 X 0.53 

t> = ; 0.1X41 sec. 

(-0.18 - 0.10) 

I’t — —(—0.18) = 0.18 ft./sec. 

2 X 54.8 X 0.18 


32.2 X 0.2 


0.067 sec. 


Equation (36) 
Equation (41) 

Equation (42) 

Equation (23) 

Equation (34) 


Equation (50) 

Equation (52) 
Equation (53) 
Equation (5-4) 


4-in. Ram 


c r = 3.3S - (2 X 4 - 1) 0.43 = 0.37 ft./sec. 
2X3 38 

'■ - 0 0 ' M 2 X 3.3S - 0.37 ‘ 0 00,5 


o x 56 5 

h = ~ ' - x 4 - 0.004 + 0.001 = 0.101 sec. 


o x 5G 5 

t' = ■— — — — 0.0036 = 0.0222 sec. 

4380 

q. = (62.4 X 0.0S84) 


4 X 3.38 X 0.0222 
+ (4 - 1) X 2 X 0.0264 
X 0.43 + 0.0264 X 0.37 


4’ X 0.43 X 0.0222 
+ (4 - 1)* X 0.43 X 0.0036 
+ (4 - 1) X 3.38 X 0.0036 
.+ (2 X 3.38 - 0.37) X 0.0015 J 


= 0.914 lb. /cycle 


i / 43S0 X 0.0264 , 

= -V (-0.06)* + (0.43)* 

' 55.5 

= —0.62 ft./sec. 
2 X 0.0264 X 0.43 2 X 56.5 


I, = - 


■ + ■ 


(-0.00 - 0.62) ' 4380 

t't “ —(—0.62) => 0.62 ft./sec. 

2 X 55.5 X 0.62 

fi “ — — — - 0.232 sec. 

32.2 X 9.2 


■ 0.059 site. 


C a 
O 


2-in. Ram 


4-in. Ram 


54.8 


15.5 

\ 15.5 

f 2 X 32.2 
V i5~5 


■ log. 


X 9.2 


+ 3.10 


/ 2 X 32.2 X 9.2 
\ 15.5 ~ 3 ' 


10 


/ 2 X 32.2 X 9.2 

V 155 +°-' S 

u 


Q* = 


2 X 32.2 X 9.2 
15.5 

62.4 X 0.0233 X 54.8 

I 5 T 5 

2 X 32.2 X 9.2 


= 0.595 sec. 


15.5 


log, 

0 . 1 . 8 ’ 


2 X 32.2 X 9.2 
15^5 


- 3.10 1 


^ = 1.48 lb. /cycle 


t. = 0.090 + 0 + 0.075 + 0.004 + 0.067 + 0.595 

= 0.S31 sec. 

Q. = 0.42 + 1.48 = 1.90 lb./cycle 
60 X 1.90 

Q = — TTT^r. “ 157 lb./min. 


0.831 

60 X 0.185 
0.S31 


13.4 lb./min. 


Equation (56) 


Equation (58) 


Equation (59) 
Equation (60) 

Equation (61) 
Equation (62) 


+« “ 


55.5 


155 / 2 X 32.2 X 9.2 ; 

V 15.5 


• l"g. 


' 

2 X 32.2 X 9.2 

1 i/\ 

lo.5 

\ 

2 X 32.2 X 9.2 

•i in 

15.5 

V 

2 X 32.2 X 9.2 

| U.U 4 . 

15.5 

u 

2 X 32.2 X 9.2 

15.5 


r = 0.522 sec. 


^ 62.4 X 0.0884 X 55.5 

v* = rr^ log. 


15.5 
2 X 32.2 X 9.2 


15.5 


- 0.62’ 


X 32.2 X 9.2 
15.5 


3.10 1 


8 = 5.50 lb./cycle 


l. = 0.140 + 0.004 + 0.101 + 0.059 + 0.232 + 0.522 

= 1.058 sec. 

Q. = 2.54 + 5.50 = 8.04 lb./cycle 
60 X 8.04 

Q = r~ rr; = 456 lb./min. 

l.OoS 

60 X 0.914 


9 = 


1.058 


51.8 lb./min. 


O* 
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Reciprocating-jet Pump 

A cumc designed to operate with corrosive liquid.-, 
extremely high temperatures will usually ho constructed 
from refractory oxides and hence, if possiblo, must not 
rely on solid moving parts such as valves, pistons and 
rotors. A simple method of achieving this is to make 
use of some non-reciprocal hydrodynamic effect. 

A conventional jet pump is valveless and uses a fluid 
jet separately pumped into a suitably shaped main pipe, 
which carries the fluid to bo pumped. The main body of 
fluid is propelled along this pipe by a momentum transfer 
and mixing process. The injected fluid must, however, 
be suitable for pumping by conventional means, be com- 
patible with the pumped fluid, and bo acceptable as « 
diluent. At high temperatures these conditions will 
usually eliminate all lluid combinations apart from a gas 
or vapour to pump a liquid, and vice versa. Unfortunately | 
there is then a large mismatch in density which causes 
considerable energy loss during momentum mixing. | 

.Another possibility is to extract from the main pipe an, 
appropriate amount of the fluid to be pumped, in readiness 
lor re-injection. During tins extraction or “suck” stroke 1 
the fluid muss removed at a sink or jet orifice contains 
very little momentum before entering the orifice. During: 
the injection or “blow” stroke, however, the jet onlii't 
acts as a source of momentum directed as desired. Tbit 
is then coupled to the surrounding fluid in the main jape, 
with an unavoidable but not uxccssivo energy loss. Over 
a Complete “suck-blow” cycle a not forward thrust ip 
created, which may bo used to generate a pressure rise 
or a velocity increase in t he main hotly of fluid, doponding 
tin the shape chosen for the main pipe. 

The non-reciprocal action of an alternating jot depends 
on the fact that the flow pat-tern for a steady suck strekti 
is fundamentally different from that for a stonily blo» | 
stroke. This may bo seen in the streak photograpli 
(Fig. 1), which was taken in a two dimensional water tank 
using polystyrene bonds as markers. The left-hand jet 
is sucking and the right-hand blowing. During the - tick 
stroke irrotational potential ilow occurs with a convergent 
“scalar” flow pattern in which curl V = 0, whoro v is tho lluid 
velocity. At tho start of tho blow stroke a divergent llo' f 
pattern occurs momentarily, but because of viscous force® 
in tho boundary layers tho liquid cannot sustain tho large 
velocity gradients around tho edges of tho jet orifice, 
anti a rotational motion is startod. The transient potential 
flow pattern therefore breaks down as inertial fore# 
take over control. Ring vorticos are generated around the 
periphery of tho jot orifice and aro shed downstrcai"> 
so that in tho steady state there is a gradual erosion of the 
jot associated with a widening of its influence as ojocteil 
fluid enters a turbulent mixing region. A steady thrust 
is tho ultimate result. Tho flow pattern of the blow strob-’ 
might bo regarded as a “vector” pattern in which ciJ 
v ^ 0. 

Tho problem of pumping a steady stream of fluid ha* 
now boon transformed to that of cycling fluid through * 
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jet orifice. In a severe environment the latter problem is 
B iuoh more simplo to solve, for oxamplo, by use of a verti- 
cally reciprocating gas-liquid interface stabilized by 
gravity. This forms a piston in a chamber coupled to the 
jet orifice by means of a suitable diffuser or nozzle. In 
the caso of a pump for liquids, the gas pressure above the 
liquid surface may bo cyclically varied by means of a 
rociprocatmg mechanical piston or by a valve-controlled 
supply of compressed gas, so as to blow and suck alter- 
nately through tho jot orifice. Two alternative methods of 
varying the gas pressure are based on the two-stroke 
internal-combustion engino and the steam engine. In 
the latter method, it might be advantageous to use the 
vapour of 1 1 10 liquid being pumped. A more speculative 
technique, which is particularly suited to the pumping of 
some very hot liquids, would be to inject water on to or 
bolow the surfuce of tho hot liquid within the piston 
chamber. This water would bo converted immediately 
to steam, forcing liquid out through the jet. The piston 
chambor could then bo oponod to a condenser for the 
suck stroke. Tho pumping power would be derived at tho 
expense of a small drop in liquid temperature. 

Out Jn 
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where n is the total number of jets; a is tho ratio of the 
area of each jot to that of tho pipe; Vj is the moan jet 
velocity ; v'j is the moan square velocity ; vp is tho pipe 
volocity just boforo mixing, and g is tho acceleration duo to 
gravity. It is assumod that whon more than one jet is 
involved, tho jot velocities are suitably phased to give 
zero not addition of fluid at any given moment. 

At high froquoncios, or short wavolongths, as defined 
by tho ratio of pipe velocity to frequency, the stoady state 
treatinont is likoly to bo less accurate. In order to allow 
for transients during switch-over, a more sophisticated 
approach is required which involves considering tho ring 
vortex streets. 

The main drawback to tho reciproeating-jet pump is 
that the plumping efficiency is unlikoly to exceed 38 per 
cent at host, and a more realistic figuro would probably 
be half this. Nevertheless thoro are many applications 
whore efficiency is loss important than soino other con- 
sideration such as tho absence of solid moving parts. 
The rociprocating-jet pump should bo considered for 
application to tho pumping of tho following materials: 
molten metals, slags, glasses and salts, where high tempera- 
tures and corrosion are a problem ; blood, where contamin- 
ation must be avoided; solid suspensions, where blockage 
and erosion can occur, and liquid gases such as helium 
at. low temperatures. 

My thanks are due to Mr. J. R. Ntutely for many useful 
ideas in development of the pump and also to Mr. K. ('. 
Koll for valuable comments on the manuscript. 

A. J . W'ai.khkn 

The (leneral Kleetric Company, l-td.. 

Central Research Laboratories, 

Hirst Research Centre, 

Wembley, Pngland. 

Keccivol Uireinbt'r 12, llKKt. 


Tig. 1. lleciprocating-Jet pump 

■Experiments have been carried out on tho pumping 
1 Water in various configurations of pump, using up to 
,? Ur , jut-s. Particular attention is now being given to 
v win -jet” forms of the pump in which each stage com- 
prises two jets in ant i -phase directed at a venturi orifice. 
v~ e streak photograph (Pig. 1) shows that there is little 
reference between tho two jets. An experimental 
jPUinp, with angled jets attached to tho main pipo like the 
t 7 nc hos of a troo, has boen constructed from drilled 
r&ctory bricks and will bo tested with molten salts at 

i.500° K, 

Simple theory, bused on separate consideration of 
Bo ^ s ^ ato blowing and steady state sucking, has been 
to give reasonable agreement with the results. Tho 
head ( hp ) in m or ft. of tho liquid pumped is given 
6 qual periods of blow and suck by: 


hp — [a x(’j/2g][ 1 — -(vp/ Pj) - a/2] 



175 

Encyclopedic Dictionary of Physics . ed . J. Thewlis. Supplementary 
Vol . //4 . TOxford: Pergamon Press). Article by A. J. Walkden, 
p. 140-143. 


(< i, a.mim : ss it i:ci p uoc atin(;-.i i: r n ai i* 

/. I nt rod net hoi 

A |>ump designed to operate wit h curni.MM 1 li(pii<!s 
<H extremely high t cm pt-rut iiivk will usiiailv be run- 
struetrd from ref met ory oxides, and liciicr. d possdde. 
must not rely on solid moving parts sueii as valves, 
pistons and rotors. \ simple method of achieving this 
is to make use of some nou-reeiproeal hydrodynamic 
elleet . 

A eon vent imial jet pump is valveless and list's a 
lluid jet separately pumped into a smlaldv shaped 
main pipe, which carries the lluid to lie pumped. The 
mam body oi lluid is propelled ahum this pipe by a 
momentum transfer and mixing process, 'The in- 
jected fluid must, however, be .suitable for pumping 
by t (invent ional means, be compatible with the 
pumped lluid, and he acceptable as a diluent. At high 
temperatures these conditions will usually eliminate 
all fluid eombinal ions apart from a gas or vapour 
to pump a li(]uid, and vice versa. I bifort unately 
there is then a large mismateh in density which 
causes considerable energy loss during momentum 
mixing. 

Principles of 0 pc rat ion 

Tin- technique used iu the reciprocal ing-jet pump 
is to extract from the main pipe an appropriate 
amount of the fluid to he pumped, in readiness for 
re-injeetion. During this extraction or "suck" 
stroke the fluid mass removed at a sink or jet nozzle 
contains very little momentum prior to entering the 
nozzle. During the injection or "blow" stroke, 
however, t he jet nozzle act s as a source of momentum 
directed as desired. This is then coupled to the 
surrounding lluid in the main pipe, with an un- 
avoidable but mU excessive energy loss. Over a 
complete "suck blow" cycle a nc I forward llmist 
is created, which may he used to generate a pressuie 
rise or a velocity increase in the main body ot iluid. 
depending on the shape chosen for the main pipe. 
A similar principle has boon .studied for use in ship 
propulsion. * 

I he non-ivciproca I ad ion oi an alternating jd 
depends upon the tad that the flow pattern lor a 
steady suck stroke is i mala ment a 1 1 \ different from 
that lor a steady blow stroke. 'This is shown in I’m. I 
and has been observed m a two-dimensional water 
tank ii s i n if polystyrene beads as markers. 1 he 
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left-hand jet is sucking and the right-hand one 
blowing. During tin* suck stroke irrotational potential 
flow occurs with a convergent "scalar" How’ pattern 
in which curl v (>, when* v is the fluid velocity. 
At the stall of the blow stroke a divergent Mow 
pattern occurs momentarily, but because of viscous 
tones in the boundary layers tin* liquid cannot sustain 
the large velocity gradient s around tin* edges of t he jet 
nozzle, and a rotational motion is initiated. The 
transient potential Mow pattern therefore breaks 
down as inertial fortes take over control. Ring vortices 
are generated around the periphery of the jet nozzle 
and are shed downstream, so that in the steady Mate 
there is a gradual erosion of the jet associated with a 
widening ot its influence as ejected fluid enters a 
turbulent mixing region. A steady thrust is the 
ultimate result. The Mow pattern of the blow stroke 
might be regarded as a "vector'’ pattern in which 
curl v { 0. 

The problem of pumping a steady stream of Muid 
has now been transformed to that of cycling Muid 
through a nozzle. In a severe environment the latter 
problem is much more simple to solve, for example 
by use of a vertically-reciprocating gas liquid inter- 
face stabilized by gravity. This forms a piston in a 
chamber coupled to the jet nozzle by means of a 
suitable diffuser. In th<‘ ease of a pump for liquids, the 
gas pressure above the liquid surface may he cyclically 
varied by means of a reciprocating mechanical piston 
or bellows or by a valve- control led supply of com- 
pressed gas, so as to blow and suck alternately through 
the jet orifice. 

>. So tin I ’o-s.'uhlr Ih’sujn.s 

The simplest form of pump comprises a pipe with 
injector tubes or jet nozzles arranged at various 
points along the main pipe of 1 lie pump, and directed 
in the How direel ion (Fig. I). The pipe and jet nozzles 
are filled with liquid. Suitably phased alternating 
pressure pulses an 1 applied Id the jet nozzles by one 
ot the me 1 I lot Is just described. During t lie blow 
stroke, the pressure m the nozzle is greater than in 
the pipe so that liquid Mows out to form a jet with 
■■ vector ’ How along t he pipe. During tin* suck stroke, 
the pressure is reversed and an equal amount of 
liquid Hows back into the nozzle to produce a conver- 
gent or "scalar" Mow pattern. 

In the lirst practical design of reel proea 1 1 ng- jet 
pump (Fig. J i l lie | e I tubes are fitted to the pipe like 
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tin' i » 1 . 1 1 1 1 1 1 1 % ul ,i tiif. with no r \ I . in ion within th. 
pipe. I Inn i 1 1 1 o 1 1 i i . t o tlir .ill \ o i ill , i l! i ■ nl simple mu- 
st mol inn, loW I'l'slst ;l Hi T III llnll IN till- pipo, anil I e , t - 1 
siirl.ii'r mv, i open In riitTiismii I ) \ 1 1 u ■ lii|iiiil bene.: 
pumped. The design will he niiisl useful \\ Inn 1 1 it- 
rei 1 1 1 i re 1 1 1 e ii ! is |ni- ii high ili > w rule across a small 
|)resslire gradient Mill will'll eilieietlev is ol little 
i 111 pi li t a nee. 

The seei 1 1 1 1 1 pruetieal design is the “ hu I Ii- vent ii ri " 
pump, shown m |-’e'..'l. wliieh iin-lmles the air/ 

Gas Gas 



Fiq.3. Two nta<ji‘ tinn-jet lniU>-vt uturl jiuniji. 

liquid piston ehninliers. The pipe is shaped so as to 
provide a venturi and dilluser miiuii.' ehamher. The 
main purpose of the former is to aeeelerate the main 
liquid stream lo a velocity nearly matching that of 
the jet so thal less energy is lost during momentum 
mixing; the dilluser converts I he veloeit v head hack 
to pressure during tin- mi vine. Km Ii stage in corporates 
two jets cycling in anti- phase, so as to product' a 
more even thrust and eontiniiitv of mass. A larger 
number of suitably phased jets per stage would 
produce smoother How. hut space is limited close to 
the venturi. The jet nozzles have a rounded prolile 
and a III dilluser angle so as to reduce losses and 
circulation during the suck stroke. Streak photo- 
graphs of two-dimensional How patterns in a shallow 
tank have show'll that, with the correct geometry, 
there is negligible interference between the blowing 
and sucking jets. Tills design will lie most useful til 
a svstem requiring low How rates across large ju-essure 
gradients. 


A design, wlinh in section might lie similar to 
I' ig. '1 rotated clockwise through 'Jll , consists basically 
ol a series ol si mila r in \ cried cones w Inch are concent i n- 

with a vertical axis. Kach conical cavity thus formed 
is scaled at the top. with small gas pi | u- eon liectioiis, 
and has a shaped online at the bottom directed into 
the cavity beneath. Initially the top half of each 
cavity is Idled with air and the lower half with 
liquid which is continuous throughout all cavities. 
During the first half of a pump cycle, a high air 
pressure is applied lo alternate cavities and a low 
pressure to the in I crmei I ial e cavities. Liquid is thus 
toned into the low-pressure cavities. Owing to the 
shaping ol tin- orilice and to the creation and ejection 
ol momentum downwards from the high-pressure 
cavity, liquid is forced preferentially into the cavity 
below . The second half of the pump cycle in vol ves the 
reversal ol the whole operation in a given cavity, 
although for the pu in p as a whole there is a net 
transler ol liquid downwards against the pressure 
gradient. Alternative phasing of the "travelling 
wave ’ ty[>e could he advantageous. This design may- 
be suitable tor viscous liquids. 


I. 'Theory 

A sini|ile theory, based on separate consideration of 
quasi-stat ie blowing and sucking, has been found to 
give reasonable agreement with the results, provided 
boundary layer corrections are applied. 'Idle purii|) 
head h,. may Lm expressed : 
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ii r itkv} lt .\(\ ~ ,\/2 — 2 iq./e, ( 1 ) 

n is the number of jets, 

k is the ratio of blow jieriod to the period 
of one cycle, 

I'ji, is t he mean square jet velocity during 7 ’ w , 
a is the clVeetive area ratio of jet nozzle to 
main pipe (l’’ig. 1 ), 

I'/, is the liquid velocity in the 
main pipe. 

/' / 1; is the mean jet veloeit y, 

<1 is acceleration due to gravity. 


At high frequencies, or short wavelengths as 
delined by the ratio of pijie velocity to frequency, 
t he steady' state t real ment is likely- to be less accurate, 
lu order to allow for transients during switch-over, 
it more sophisticated approach might he required 
which involves consideration of ring vortex streets. 

Kquation (I) relates pump performance to the jet, 
velocity- either as measured, or as programmed bv 
hydraulic cnii|iiing. However, it does not consider 
the way in which the jet velocity was achieved, for 
example by pneumatic coupling to a mechanical 
piston with a sinusoidal volume displacement. This 
has required a more extensive treatment since the 
drive pressure is related to the results it achieves, so 
the diilerential equations are non-linear ami must be 



solved with tin* help ol ,ui analogue computer. If, 
however, l he pressure variation as a function of time 
is known, either Irom a recorder or as a result of 
programming a valve c< >nt rolled compressed air 
M.pply, ,1 is po.s.sihl '• t>> '"'i 1 1 ii ; 1 1 1 ■ | >i 1 1 1 1 1 1 |irrlnnna in c. 

A .'>lni|)li‘ 1 1 1 . 1 1 I ic 1 1 la I iia I tumli-l ma\ In* usnl In 

ilrscnhc I III’ I n- 1 1 a V it 1 1 1 r < >1 luu | > i s 1 ■ 1 1 1 rhamliirs 
ill I arlird 111 noy./.lr dill users, u hu ll tenl lii|iin| 
alt cnial el v Iiiiiii one In 1 lie nlln r via the pump l„ l( | v 
V a s 1 1 1 1 1 1 1 1 1 1 i'l MV it at II mal anil merliiil rtlrrts within 
I III' |iflmi rliamlnTs to hr Mimll. lint takinu' inlu 
mrmiiil I y pira I nn/./lr 1 1 i tl 1 1 - r Ins rs. I |m niran si|iian- 

'•l tllr jet liliiu irhirltv aiallahlr I run I a t\\lli-|rt 
tiiniliiri.it i 1 1 1 1 at 1 1 ir /th -a airr i na \’ hr r \ f iri'ssi a I ; 
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r JI!r ~ r .l (-) 

js the nozzle/ dill user loss > oeftieient 
( (Mi7 for example), 

is the mean of the modulus of theditlcr- 
eiHM* in pressure between the two r\ h 
piston ehambers during an average cycle, 
is t he liquid density. 


Substituting (2) in (I) for each stage, with k \ , 

we have tin* pump stagnation head (ry> 0) for n 
twin-jet stages given by: 

f « I 
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I'j.x perieiiee Inis shown that the suck eontrihution to 
the pressure dillerenee Ap r sometimes has little 
elhu-t, especially when cavitation occurs. Under these 
ei fell lust a nees the ust‘ of tin 1 mean blow pressure 
ulone in equation (,*{) gives sat isfaet orv agreement 
wit Ii e \ peri t ii«*i 1 1 . ‘ 


■>. tirfirn nu /tint n <ull s 

A small hoi >i ngle-st a go twin-jet model. >iniiiar in 
principle to I' ig. d. hut using piston chambers curved 
through IHt , lias hern constructed from silica glu*s 
with a jet diameter of 0-7 cm venturi bore of I cm. 
Ibis has |mm|jed molten potassium sulphate at 
I o()( I K at lh >w rates up to 0*|S I /.sec across a head 
°l Ido tin. Tins eorrespotii Is to a stagnation head 
ot cm (0-JS cm llg). The pump was ptum mat ica llv 
< on ph‘d via a pair ol wat cr c< io|ed pipes to two 
mechanical pMtais oi littcnr 1 d i -ipla cement . which 
were MUUsoidalU e\ cled m anti pha-c .it frequencies 
in the range 2 tod II /.. 

A somewhat larger pump lor mullni aluminium h,i.^ 
h' cm co 1 1 >t ru c t ci I I t'oin graphite with a design similar 
to I' t — - 2, by A. L. IVngclly and S. lhlkington ol 
I > r i t is h Aluminium t’ompanv l.imiled Kcsearch 

Laboratories. There were four jels of 2 cm diameter 
litted to a mam pipe oj < o em bore, idle drive was 
by means ot compressed air actuated mechanical 
pistons. which were coupled pneu mat icall v to I lie 
piston chambers eon t a i 1 1 in if molten aluminium at 
1<MM> K. Idle pump achieved a stagnation head of 


ea. 2o cm (o cm llg) and should provide a tlow rate 
of 10 I /sec across a f> em head. 

Water experiments have been earned out usni^ a 
two st age model closely similar to big. ,‘f, with jet. and 
Venturi dimensions identical to the silica pump. This 
pump was driven by four servo emit ml led spool- 
valves switching air pressures of up to I d atm 
(i(M)em Hl'). At tills dri vr pressure, a stagnation 
head of 511 un I f !_ r (S em for the first stage) was 
achieved at a ll’equeiiey ol IKSli II/, without the 
need tor a su h a I mospherie sink stroke, ddiis is 
because a small static j ness i ire I lead at the first 
staye is sufficient to provide a reasonable jet suck 
velocity when assisted by the dynamic pressure rise 
m the i iozzlc ; - (1 1 1] user. A m ueh greater liead is prod need 
by the second stage (12 cm), since tin* suck stroke is 
helped by tilt* pressure developed by the first stage. 

I he sin k si Poke ot downs! ream stages is more effective 
due both to the increased pressure, ami to the conse- 
quent alleviation of any limitation in suck velocity as 
a result of eavitation. 

( •onsiderable experimental work has been carried 
out using a pump of similar jet and venturi geometry, 
but with long straight sided Idicm bore piston 
ehambers driven by tin* pneumatically coupled 
mechanical drive described earlier. A stagnation 
head ol d2-n llg lias been achieved at 2*5 Hz for two 
stages each with a mean blow pressure of 0*45 atm 
(ill f» cm llg). 


6 . Kjjiv i (' nr>f 

I here are basically three et hciencies which require 
consideration with the reciprocal ing- jet pump, 

firstly t ticre is the hydrodynamic or pumping effi- 
ciency, the efficiency of conversion from liquid energy 
ui the air liquid pinion chamber to work done on 
the pumped liquid. Secondly there- is the pneumatic 
efficiency, l he ctlicicm y ot conversion of pneumatic 
eiicryv to liquid enemy in the piston chamber, and 
huatfv there is l he ellieieney ot lMa com j Uession in 
creating the pneumatic energy. 

1 he mam drawback to conventional jet-pumps is 
that the pumping or hydiod vnamie etliciencv is not 
more than dN pm* cent mainly as a result of mixing 
losses. I here are, however, two important ditkerenees 
u hen tlie reciprocal ihg-jet pump is compared with 
Ihiv I'uslly there is a suck .si roke, winch consumes 
power while providing no output, hut secondly there 
t'* miich lc-s restriction on 1 he allowed values of the 
,;llln °l M‘t to venturi .trea. I his ratio could approach 
uiiilv with a reciprocal nig- jet , which could result in 
a > onsiderable increase in ettieienev to near that for a 
d ill user (say 7t) per rent ). 

If a mechanical piston, hollowa or alternative 
closed system is used, tlie pneumatic efficiency coifftf* 
he near 100 per cent but unfortunately the efficiency... 
w ith which the pneumatic cnrflfy is created is likely to 
he low. Alternatively compressed gns drive may M* 
used wdiieh has been efficient ly produced .-■H nvvever, it 
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were sufficiently encouraging to warrant slag atomization experiments on a more realistic 
scale and these will be carried out in the plant shown in figure 11, plate 26. The effect of 
varying slag temperature over the range 1100 to 1600 °G will be observed as well as the’ 
How and geometrical factors already investigated on the water model. The slag spray will 
tall under gravity against an upward current of air and the effect of the air stream on the' 
shape of the spray and on the carry-over of fine particles will be observed. It will be 
possible to make measurements of temperatures and mass flows and obtain an experimental 
check on the method of design for heat transfer. 


oscillating surface of- 
liquid slag — K.,S0 4 


slag inlet 



> low resistance » 

< high resistance to back flow in valves <- 


cyclic gas pressure 

pumping chamber 
slag outlet 


vortex flow high 
resistance 


vortex-free flow 
low resistance 



Figure 12. Schematic arrangement of the ‘slag’ pump using 'fluid diodes’ as valves. 


2 , 3-3. The slag pump 

As has previously been discussed, many of the difficulties arising in the development of 
a suitable air heater for m.li.d. are due to the pressure difference between the air and the 
gas from which the heat is to be extracted. In the liquid slag air heater, this pressure ( 
difference will support a column of slag of the order of 100 ft. high. Thus, if one wishes to 
make use of gravitation to transfer the liquid from the bottom of the gas chamber to the^ 
top of the air chamber, there must be a vertical separation of approximately 100 ft. 
between the two chambers. The implications of this in terms of cost of supporting structure ' 
and ductwork provide a considerable incentive to develop a pump to provide the necessary 2 3 
transportation of liquid slag. 
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A survey of existing experience in this field shows that liquid metals have been pumped 
by centriiugal pumps at temperatures up to SOU "Cl. In this case, uncooled metal impellers 
have proved practicable. In the liquid slag regenerator the slag temperature will be at 
least KiOO °C and may be as high as 1 (i(H) ' C. Under these conditions, it is not possible to 
cool the impeller sufficiently well to remove the heat that would be transferred to it by 
forced convection from the liquid. A coated or ceramic impeller is also impracticable 


liquid Is.., SO, 


high velocity axial jot 
produces pumping action 



flow suck possible houndary 

layer control 


1 iockf. Id. Schematic arrangement oi the vector flow ‘slag' pump 


slag slag 
inlet outlet 



non-return valves 
positive closing type 


oscillating surface 
of liquid slag 


luGUKK 14. Schematic arrangement of the ‘acid egg’ pump. 


because the only materials able to withstand the chemical attack of potassium sulphate do 
not have sufficient mechanical strength to resist the centrifugal forces. These considerations 
apply also to any form of mechanical positiv e displacement pump. 

d ims, the choice of practicable pump is restricted to a form in which a container is 
allowed to fill with liquid slag which is then expelled by a gas under pressure. Containment 
of the liquid is practicable and tin* gas firms a buffer between the hot liquid and the 
pumping prime mover. 
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In this form, there are two principles on which a pump could operate: (a) with valves 
ol some sort to constrain the liquid How in the desired direction —the ‘liquid diode’ and 
acid egg’ pumps; (b) by making use ol the change of liquid momentum to produce 
pressure difference — the ‘vector pump . I he principle ol each of these devices all of which 
are currently under investigation, is illustrated in figures J 2, 1 :> and If. 


(’a coefficients ol resistance lor forward and backward flow where A/' - = \C/w 2 

- outlet pressure -- S atm 
/’, inlet pressure - 2 atm 
l’ s — suction pressure -- 1 atm 
P v - pumping pressure = variable 


suction stroke pumping stroke 



Recur. la. Variation ol pumping ratio R i volumetric cllicirncy) with diode: resistance 

ratio lor diflerent pumping [pressures. 


In the ‘liquid diode’, the How of liquid in one direction produces a vortex which is 
subsequently removed in a stilling chamber, whereas How of liquid in the opposite direc- 
tion does not produce a vortex. The How of liquid in the vortex-producing direction is 
accompanied by an energy loss due to the vortex and therefore the resistance to flow is 
greater in this direction than in tin* direction where no vortex is generated. The initial 
experimental work is being carried out using Perspex models and water as the liquid. With 
the first model, a backward to forward resistance ratio of 21! : 1 has been measured and_ 
when a better understanding ol the: way in which the geometry of the vortex chamber is 
reached, it is hoped that higher resistance ratios will be achievable. Figure 15 shows the 
pumping ratios, i.e. the number of pumping cycles needed to transfer one swept volume 
plotted against liquid diode resistance ratio for various operating conditions. 

The ‘acid egg’ pump requires the use of moving parts in contact with the slag. This type 
ol pump is used in the chemical industry to handle corrosive fluids but its use is so far 
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1 1 ’ 1 rated in; low (<'ii 1 1 in', i ( mvs. design studies .ire proceeding on a high temperature 
version lull selection ol n suitable material must lust be made. 

The A'eetor pump makes, use ol the tact that liquid drawn lrom a reservoir into a jet 
has a multidirectional I'mw, whereas when it is ejected lrom the jet is has a unidirectional 
llow. It lias been demonstrated that reciprocating ojieralion of a single jet produces 
better pumping action than was originally exjiected from consideration of suction and 
ejection separately. Four elements arranged in series and suitably phased give live times 
th<' head produced by a single element. 

The development ol a suitable |>ump is considered vital to the economic application of 
die slag; air heater pi uiciple. Although the experimental results so la r achieved give some 
encouragement m so l.n as small pressure rises ha\e been achieved, thev should be treated 
with extreme caution until nmllqilc arr.ivs giving the complete pressure rise base been 
irsted and it is also shown that the critical geometries (an survive in high temjieratmv 
c . mditions. 

ATI. l\- II rt di ,/ i that inn hi/ii ujijm' cinunhrr 

Particles ol nommallv unibrin si/e must be distributed muformlv over the horizontal 
cross-sect mi i o| the chamber at a constant Iced rate. Feeders with moving parts are un- 
jjci cptable due to the high temperature and the corrosive nature of the material. A number 
of gravitv iced s\ stems have been considered and it has been shown that a simple Hat 
perloraled plate is suitable. The minimum size ol the perforations, lo avoid blockage by the 
| in. nominal diameter particle:,, has been shown to be a m. diameter hole. Measurin'.; 
the mass How rate ol one such hole, by using the ,1 in. nominal diameter ceramic spheres ol 
densitv Ah e cm’ 1 , indicates that the required lull scab' mass (low rate will be obtained b\ 
pitching the holes at the corners ol equilateral triangles having (1.1 in. sides. The stream of 
ji.irlieles issuing lrom each hole is distributed laterallv by impingement on a i;o° cone 
located with its apex about ,1 m. below the orihcc. 

While tills solution is valid lor the £ m. diameter ceramic spheres, the particles produced 
ia the lull scale plant arc unlikelv to be truiv spherical and will cover a range ofsiz.es. 
Furthermore, their temperature in the distribution zone is likely to be of the order of 
a (JO C. Indcr these conditions, the seed particle surface could well be sticks and it is 
proposed to extend this studs’ to include tests at the desalted temperature on the correct 
material. I hesc svill cheek the llow properties ol the hot particles and w ill indicate whether 
larger holes and or !unnel-sha|)cd entries to the holes are necessary. 

ATT Atinili/mwiics 

Prediction of the llosv behav iour and unilormits' of particle dispersion through the two 
chambers is one ol the most imponderable leatures ol the design at the present time. Any 
analytical approach based on diilusimi ol particles in an isotropically turbulent svstem is 
d limited value as local temperature gradients are bound to exist and give rise to 
asymmet l n a 1 secondare Hows. An empirie.il approach using models is therefore being 
adopted. 

Prehmin.irs theoretical and model studies have been made to determine the optimum 
mlel and outlet geometries to give unilorm vertical llow m the upjier chamber. As a 


V.u . ji a . A. 
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2.2.3b. Reciprocating jet pump ( vector flow)* 

The reciprocating jet pump is based on the use of a non-reciprocal 

* This section was written by A. J. Walkden; assistance was given by B. D. Eveleigh, 
J. B. Stutley, R. A. Chapman and R. L. Barley, the General Elcetric Company Limited. 
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Reciprocating-jet Pump 


by A. J. WAI.KDEN, b.sc., jmJ 

R. C. KELL, ii.sc., m.i.e.e., K.mst.i’. 

Central Rcseareh Laboratories i 
Hirst Research Centre 


When pumping hot corrosive fluids it is desirable 
(and sometimes essential) to avoid the use of solid 
moving parts in contact with the fluid. In some 
applications an injector pump 1 can be used, but the 
drive fluid, e.g. air, water or the vapour ot the liquid 
to be pumped, must then be suitable for pumping 
by conventional means. The use of two fluids often 
has disadvantages and the present pump has been 
devised to tie driven with the same fluid as that 
being pumped. 

PRINCIPLES OF OPERATION 

Operation of the reciprocating-jet pump depends on 
the basic difference between the flow pattern 
produced by steady blowing of a fluid through an 
orifice into a fluid-filled pipe and that produced by 
steady sucking through the orifice. The pump 
comprises a modified form 2 of injector pump in 
which fluid is alternately blown out of a jet orifice 
into a main pipe and then sucked back into the 
orifice. This can be achieved either by hydraulic 
coupling to a cooler mechanical piston via 
immiscible liquids, or preferably by pneumatic- 
coupling in which the air liquid interface acts as 
a piston. 

During the blow stroke, fluid is emerging at the jet 
orifice, or source, which determines the direction of 
its momentum. Provided there are no pressures or 
surfaces able to redirect this momentum, the flow 
continues until turbulently mixed with and 
viscously damped by the surrounding liquid in the 
main pipe. A ‘vector’ flow pattern results, as in 
fig. la. If required the injected momentum may be 
converted into a pressure rise by means of a diffuser. 
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During the suck stroke the orifice acts as a sink 
which extracts the same mass of fluid as had been 
injected during the previous blow stroke. The flow 
pattern and momentum properties of material just 
before removal at the sink orifice are dictated by the 
relative flow rates of fluid entering and fluid passing 
by the orifice, and by the transient effect of the 
flow pattern just before commencement of the suck 
stroke. Only these boundary conditions, plus a few 
shape factors, have any marked influence on the 
directional distribution of momentum extracted 
from the body of the liquid surrounding the orifice. 
The direction in which liquid moves once it has 
entered the sink has no influence on the external 
momentum. 

Two extreme cases may be cited as examples of two 
possible suck patterns. Firstly, consider the 




convergent potential -flow pattern which occurs 
when sucking through an orifice at a high pressure 
difference from an initially stationary infinite 
volume of fljaid. This might be described as a 
‘scalar’ flow pattern. Isobars are in the form of 
spheres concentric with the sink, and fluid flows 
radially towards the focal point F formed by the 
sink, as in fig. lb. In this case the net momentum is 
zero when integrated over a large sphere surround- 
ing the orifice. In the pump, the corresponding 
situation occurs when the mass flow rate into the 
sucking orifice is very large compared with that in 
the main pipe. Approximately equal quantities of 
liquid then flow into the orifice from both directions. 

The second extreme case occurs when sucking at 
infinitesimal pressure difference from a fast-moving 
fluid stream. Consider a short tube open at both 
ends placed at some angle, say 45° to the flow 
direction. Here the suck pattern and resolved 
momentum about the point of entry are dictated 
solely by the boundary conditions given by stream 
velocity, tube shape factors and Reynolds number. 
In the pump, the corresponding situation occurs 
when the flow rate into the sucking orifice is very 
small compared with that of the fast-moving fluid 
in the main pipe. The sucking orifice then has 
negligible effect on the flow pattern. 

In the intermediate and more practical case shown 
for the first jet in fig. lc, the flow rate into the 
sucking orifice is less than, but of a similar order of 
magnitude to, that in the main pipe. The liquid 
flowing along the pipe towards the orifice then 


consists of two concentric streams separated by a 
boundary surface of stream lines. One stream flows 
into the jet orifice from behind it and the other 
flows past the orifice and diffuses until the velocity 
across the pipe is again uniform. The large trans- 
verse velocity gradient produced across the 
boundary between the two streams adds a small 
driving force to the passing liquid. 

In the reciprocating-jet pump, fluid is alternately 
blown out of the orifice and sucked into it. The blow 
stroke then produces entrainment, and therefore 
drives the fluid along the pipe in the required 
direction, while the suck stroke produces at worst 
no net reversing force on the fluid in the pipe. The 
non -reciprocal behaviour is associated with the 
energy losses, during the blow stroke, due both to 
turbulent mixing with production of vortices and to 
viscous damping. 

POSSIBLE DRIVE SYSTEMS 

The problem of pumping a fluid without the use of 
solid moving parts in contact with the fluid has 
now been exchanged at some loss of efficiency for 
that of cycling fluid into and out of a jet orifice. The 
methods discussed below are concerned with the 
pumping of liquids, but they may be adapted for 
pumping gases, vapours and solid suspensions. 
Cycling of the jet liquid can be achieved by means 
of hydraulic coupling to a mechanically driven solid 
piston via compatible immiscible liquids if such 
suitable liquids exist. Alternatively, the jet liquid 
can be driven by a gas whose pressure is varied — for 
example by pneumatic coupling, either to a 
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mechanically driven piston or to a valve switched 
alternately to high- and low-pressure gas chambers. 
The piston/gas drive is the more simple and 
efficient method, but high gas temperatures may 
involve difficult problems. The valve/gas drive is 
less easy to control and is likely to be less efficient, 
since hot, partly compressed air is discarded. 
Preferably, the gas/liquid interface should be in a 
‘piston-chamber’ larger in diameter than the jet, to 
reduce its movement. 

A fourth method involves the production ot 
pulsating pressure by combustion of fuel in air 
within the gas/liquid piston chamber in the manner 
of a two-stroke internal combustion engine. How- 
ever, control may be difficult. 

Arising from this is a more speculative method 
which may be used if the liquid being pumped is 
very hot. Water or some other suitable liquid may 
be injected below the surface of the hot liquid within 
the gasiiquid piston chamber and vapourized. 
An increase in pressure would result at the expense 
of a small temperature drop in the pumped liquid 
and the liquid would be driven downwards out of 
the chamber. The chamber would then be opened to 
a condenser for the suck stroke. This system has 
the advantage of great simplicity and efficiency, 
since no separate fuel or compressors are required. 
The disadvantage again is that control may be 
difficult. 

SOME POSSIBLE DESIGNS 

The simplest form of pump comprises a pipe with 
injector tubes or jets arranged at various points 
along the pump and directed in the flow direction 
(fig. lc). The pipe and jets are filled with liquid. 
Suitably phased alternating pressure pulses are 
applied to the jets by one of the methods just 
described. During the blow stroke, the pressure in 
the jet is greater than in the pipe so that liquid flows 
out of the jets and produces ‘vector’ flow along the 
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2 Basic pumps for high-velocity and high-pressure 
applications: a 'tree' pump for high velocity: b bulb- 
venturi pump for high pressure 
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3 Two-stage twin-jet bulb-ventun pump 

pipe. During the suck stroke, the pressure is 
reversed and an equal amount of liquid flows back 
into the jet to produce a convergent or ‘scalar’ flow 
pattern. 

In the first practical design of reciprocating-jet 
pump (fig. 2a) the jets are fitted to the pipe like the 
branches of a tree, with no extension within the 
pipe. This design has the advantage of least 
resistance to flow in the pipe and also least surface 
area open to corrosion by the liquid being pumped. 
The design will be most useful when the require- 
ment is a high flow rate across a small pressure 
gradient. 

The second practical design is the ‘bulb-venturi’ 
pump (fig. 2b). The pipe is shaped so as to provide 
a venturi and diffuser. The main purpose of the 
former is to accelerate the main liquid stream to a 
velocity nearly matching that of the jet so that less 
energy is lost during momentum mixing; the 
diffuser converts the velocity head back to pressure 
during the mixing. This design will be most useful 
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in a system requiring low flow rates across large 
pressure gradients. 

The third design (fig. 3) utilizes the ‘bulb-venturi’ 
shape, but each stage incorporates two jets cycling 
in anti-phase, so as to produce a more even thrust. 
A larger number of suitably phased jets per stage 
would produce smoother flow, but space is limited 
close to the venturi. The air/liquid piston chambers 
are also shown in fig. 3. Streak photographs 2 of 
two dimensional flow patterns in a shallow tank 
have shown that, with the correct geometry, there 
is negligible interference between the blowing and 
sucking jets. 

A fourth design, which might be considered a 
topological distortion of fig. 2a, consists basically 
of a series of similar inverted cones which are 
concentric, with a vertical axis as shown in fig. 4. 
Each conical cavity thus formed is sealed at the 
top, with small ait pipe connexions, and has a 
shaped orifice at th« bottom directed into the cavity 
beneath. Initially the top half of each cavity is filled 
with air and the lower half with liquid which is 
continuous throughout all cavities. During the first 
half of a pump cycle, a high air pressure is applied to 
alternate cavities and a low pressure to the inter- 
mediate cavities. Liquid is thus forced into the low- 
pressure cavities. Owing to the shaping of the 
orifice and to the creation and ejection of momentum 
downwards from the high pressure cavity, liquid is 
forced preferentially into the cavity below. The 
second half of the pump cycle involves the reversal 
of the whole operation in a given cavity, although 
for the pump as a whole there is a net transfer of 
liquid downwards against the pressure gradient. 



4 'Cone' pump for viscous liquids 


This design is particularly suitable for viscous 
liquids. 

THEORETICAL ANALYSIS 

The fundamental difference between a continuous 
suck stroke and a fully developed blow stroke has 
been described above. A hydrodynamic analysis of 
the development of the two flow patterns is very 
difficult and will not be dealt with here. Each stroke 
is therefore given a separate mathematical treatment 
by means of suitable steady-state models, before 
consideration of the complete cycle in which there 
is zero net addition of liquid. The two strokes will 
be analysed for a single-jet pump in terms of the 
jet force Fj, or equivalent pump head hp. The jet 
force will be given by the sum of the pressure force 
developed and the rate of change of momentum of 
the liquid which flows past the jet while a steady 
jet velocity of either vjb on the blow stroke, or 
vjs on the suck stroke, is applied. 

Blow Stroke 

For the blow stroke, use is made of the generalized 
form of the Euler momentum theorem, which may 
be stated 2 as follows : 

The resultant thrust on a fluid contained in a 
closed surface 5 is equal to the reversed resultant 
of the body forces on the enclosed fluid, together 
with the rate of change of momentum of the fluid 
and the rate of flow of momentum outwards 
across the boundary of S'. 

The following assumptions are made: 

(i) the body force (e.g. gravity) is zero, 

(ii) steady-state conditions have been achieved, 

(iii) the density p is constant, and 

(iv) the jet area Aj is small compared with the 
pipe area Ap. 

The Euler Equation may now be written : 

(.P-:~Pi)Ap p A P v, 2 + p A 7 vjn' 2 -p ApvJ, ( 1 ) 

where p,, p..; t>,, v-, are the inlet and outlet pressures 
and velocities, respectively. 

The Continuity Equation gives : — 

pAjVja p A P (v. v t ) (2) 

The force Fjb developed by the pump during a 
steady blow stroke is given by the pressure force 
plus the rate of increase in momentum from the 
input. 

Fjb A,^p..-p,) + p Apv^v-,- Vj) (3) 

Substituting equations 1 and 2 in equation 3, and 
using a ~AjlAp<^ 1, 

Fjb - p Aj vj B \ 1 — — ) ( 4 ) 

L Vjb 

where the mean pipe velocity is i vp — J(v, -f- u.,). 

Suck Stroke 

The suck stroke may be described roughly by the 
hydrodynamics of an ideal incompressible, inviscid, 
irrotational liquid. An ideal liquid passing the 
sucking orifice is separated from that entering the 
orifice by a set of streamlines which form a boundary 
surface as shown in fig. lc. In general the stream- 
lines will describe the mean velocity vector of 
turbules. The boundary streamlines combined with 



the pipe wall will form a Bernoulli tube of flow; 
hence on the assumption of a perfect diffuser, 

Bernoulli's Theorem gives : — 

~~ i(i’i s V-*) '>(*•’ i vj (5) 

The Continuity Equation gives : — 

Oi V.,) XV js (6) 

The force Fjs developed by the pump during a 
steady suck stroke is given by the pressure force 


plus the rate of change in momentum of the liquid 
in the pipe. 

Fjs p,) + p Ap(vJ vp) (7) 

Substituting equations 5 and 6 in equation 7 

Fjs — p Aj Op vjs (8) 


This treatment takes no account of any ‘turbulent 
pull effect’ caused by the diffusion of momentum 
by means of break-away turbules. These rurbules 
will transfer momentum from the fast-moving 
liquid flowing into the sucking jet to the liquid 
passing the jet. This extra momentum will tend to 
cancel any losses in the diffuser of equation 5, so 
that the assumption of a perfect diffuser is probably 
realistic. 

When equations 4 and 8 are compared it may be 
seen that when ;> is small and ij B ~ ijs then 
Fjs — Fjd . /> ij B . Hence the blow stroke has a 
much larger effect than the suck stroke, as expected. 


Blow-suck Cycles 

Let Ip be the total impulse given by the pump 
per cycle ; we may then obtain Fp, the pump force 
averaged over one cycle, defined as : 

Fp Jr j[ Fj B dt + - f Fjsdt, ...1.9) 

JO 7 T ^ 

where T I B + I s, the period of one complete 
cycle, 

T B is the blow period 
Ts is the suck period 
Equation 9 may be simplified to 


Fp k Fjp + (l k)Fjsi (.19) 

where k T B T 

Fjb, Fjs are the average forces during the 
blow and suck periods, respectively. 

The condition for zero net mass transfer during 
a cycle is given by: 


k 

: J- S 


( 11 ) 


where ;'js> < jb are the mean jet velocities during the 
suck and blow strokes, respectively. 

The pump force for a system having n jets is 
n times that for a single jet, given by substituting 
equations 4, 8 and 1 1 in equation 10. Thus : 

F P nk p Aj V JB \ 1 — ) (12) 

\ 2 lj B / 


where Vj B is the root-mean-square jet blow velocity. 

Pumps are usually described in terms of the head 
developed, which is given by 


nkz 


V, 


JB 


Zip 

'JB 


Appg g 

where g is the gravitational acceleration. 


..(13) 


Pump Characteristics in a System 

When a pump is used in a system, it must produce 
the required increase in total head. The particular 
combination of pressure, gravity and velocity heads 
may be achieved by using a suitable inlet nozzle 
and outlet diffuser. Once steady flow in the pipe has 
been achieved, the pump operates against a system 
head (hs) comprising the total useful head (h A ) 
added to the pumped fluid, the loss head (hp) due 
to energy losses in any conversion between potential 
and kinetic energy, and the resistance head (hp) due 
to frictional losses at solid liquid surfaces. Thus: 

hs h/t+h B + hp (14) 

In this equation, 

h A hn+pjpg + ivou,* - t’,„ 2 )/2 g 
h B (Sj n + SourWp 1 ^ 


and for Reynolds numbers over 3000, 


hR R X V p* g 


where /i„ is the difference between output and 
input gravity heads 

p„ is the difference between output and 
input pressure heads 

v in , v ou , arc the inlet and outlet velocities of 
the system respectively 

S, n , S ou , are the shape-dependent loss 
factors of the inlet nozzle and outlet diffuser, 
respectively, where 
0 S,„ A and 0 S oul A. 

Vp is the root -mean -square pipe velocity 
/?, is the specific surface resistance wetted 
area: this term decreases slightly with 

increasing Reynolds number. 

In the steady state, the flow will be self-adjusting 
so that the system head becomes equal to the pump 
head. Hence the steady state equation of motion 
for Reynolds numbers over 3000 is: 


kx- 


V- 


JB 


1 2jj>\ 

2 ' JB ) 


h, + P -+ 
Pg 



V P - 

+ R— (15) 
g 


where R R t + S m +S out 

If the pump operates between two large tanks 
exposed to the atmosphere, h a represents the 
vertical difference between the two liquid surface 
levels, p„ 0 and v x v.^0. If also x and ( B ijp 
are both less than 0 1, equation 15 simplifies to: 


fV: 


I 1 


JB' 



(16) 


For any given pump geometry and cycle waveform, 
the parameters k, x, and R are fixed. Equation 16 
then defines a plane if Vp 2 , h u and Vj B - are plotted 
along the X, Y and Z axes respectively. The 
intercepts of this characteristic plane on the 
co-ordinate planes give the following straight lines: 

(i) Resistance line ( XY plane, Vj B -0), 

(ii) Stagnation head line ( YZ plane, Vp ---O), 

(iii) Zero static head line ( ZX plane, A„=-0). 


APPARATUS 

Initially it is advantageous to use a cold, non- 
corrosive liquid at a Reynolds number similar to 
that likely to arise in the final device. Either water 
or an oil will usually be suitable for this purpose. 
The pump performance can then be evaluated and 
the design developed using glass models in which 
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S Characteristics of simple pump (fig. Ic) 
operated with one, two and four jets 
(Vjb = 4 S m/s, f=2 c/s, k = 0-4, jet 
bore = 0 35 cm, pipe b ore =1-5 cm) 



6 Effect of venturi on pump 
characteristics (single jet, 
Vjb^3 6 m/s, f=2 0 c/s, 
k-O-4, jet bore =- O' 35 cm, 
pipe bore— I 5 cm, venturi 
bore=^0 73 cm, distance d 
between jet and venturi 
orifices is as shown on curves) 



the liquid in the jets is reciprocated by direct 
hydraulic drive from mechanical pistons. If 
pneumatic drive is used, the compressibility of the 
gas complicates the evaluation of the pump and 
makes it more difficult to calculate the expected 
performance, since two coupled dynamic systems 
are involved. 

The results described below were obtained by using 
water in a simple design of glass pump similar to 
that shown in fig. lc. The main pipe was 20 cm long 
with a T5 cm bore and contained four jets of 
0-35 cm bore spaced in series 3 cm apart. The 
pump was mounted vertically with each end 
connected by polythene tubing of T9 cm bore to 
constant-level water tanks whose vertical positions 


could be adjusted. The pressure head across the 
pump was thus known and the water flow rate 
could be measured. The mechanical drive incor- 
porated four cam-driven pistons with variable 
stroke, frequency, relative phase and waveform. 
From these parameters the amplitude and wave- 
form of the jet velocity could be derived. The cams 
were designed to give an approximately square 
waveform with the root-mean -square blow velocity 
( Vjb ) about T6 times the root-mean-square suck 
velocity ( Vj $ ) and k about 0 4. 

RESULTS 
Pump Head 

The curve of pump head as a function of flow rate 
(or pipe velocity) for a given jet-velocity cycle is 




obtained from the characteristic and resistance 
curves. The characteristic curve (equation 16 with 
Vjb 1 constant) relates the flow rate to the static 
head for a given jet velocity. The resistance curve 
(equation 16 with h 0 negative and Vj B 0) relates 
the flow rate to the applied (negative) head without 
the jets operating. Each point on the pump-head 
curve is obtained by subtraction of the ‘head’ 
co-ordinate at the required flow rate on the 
resistance curve from the corresponding ‘head’ 
on the characteristic curve. In practice, turbulence 
may cause difficulty in obtaining the exact resistance 
curve corresponding to the conditions present when 
the characteristic curve was obtained. 

Experimental results show that for O p /Cjb< 0 1, the 
pump head is relatively independent of the flow rate 
but approximately proportional to Vjb 1 for given 
waveform, as expected. 

Multiple Jets 

Various combinations of two jets differing in 
relative phase and separation were measured at a 
constant jet velocity. Fig. 5 shows the results when 
h u is plotted against the flow rate Q P squared. The 
curvature at low flow rates arises from the change 
from a square-law to a linear-law dependence of 
the resistance head on the velocity as the flow 
becomes laminar. The stagnation head is, in fact, 
larger than would be expected from measurements 
made at high flow rates. The two-jet results lie 
within a band giving approximately twice the 
performance of the single-jet curve. The points 
within the band show some values for the front jet 
leading in phase by 77/2. Since this phase difference 
was the optimum for jets close together it was 
chosen for four-jet operation. The curve for four 
jets is also shown in fig. 5. Again there is a factor 
of two in performance compared with two jets, as 
expected. 

Fig. 5 also shows the characteristics of a single- 


acting positive-displacement pump cycling the 
same volume as the four-jet system. The recipro- 
cating-jet pump gives the better performance 
except at high pressure, since momentum is not 
destroyed by the closing of valves. 

Effect of a Venturi 

Fig. 6 shows the effect on the pump head of 
inserting a venturi of 0 73 cm bore in various 
positions. It gives a significant improvement at the 
expense of a higher internal resistance. The venturi 
position relative to the divergent blow stream has 
a marked effect on the mixing properties (and hence 
the pump head). The optimum position will 
depend on the required ratio of velocity head to 
pressure head. 

Comparison with Theory 

As described above, the intercepts of the character- 
istic plane (equation 16) on the co-ordinate planes 
give the resistance line, stagnation -head line and 
zero-static-head line, respectively. The resistance 
line (zero jet velocity) can be obtained only by 
experiment, owing to the different effects of laminar 
flow (h u ccV P ) and turbulent flow (h lt cc Vp 1 ), and 
to the unknown resistance of the pipe, jets and 
connecting tubes. 

The stagnation-head line (zero pipe velocity) is 
compared with experimental results in fig. 7. 
Ranges of values of pump head obtained as the 
pipe velocity is varied are also shown; these, as 
well as the stagnation-head values, lie above the 
theoretical line. This is consistent with the proba- 
bility that the effective jet area is smaller than that 
assumed, owing to boundary -layer effects. The 
value of boundary-layer thickness which brings the 
experimental points down to the stagnation -head 
line is consistent with expected values. The zero- 
static-head line and the pump characteristic curves 
(constant Vjb 2 ) also show somewhat higher values 
than those predicted. 



7 Comparison of experiment with theory: variation of stagnation and pump heads with jet velocity 




194 


S a V 


''"'v W O 

CO U u 

> 

•a B u 

> 8 v 

O.S M 

S j$ § 

■s s 3 J 

ago 

'-' C -a 

g’S 9 

I d-7 

3 

uj « tn 

•S .«"0 

o v o. 

e-s | 

!3 m q 

o .s a 
" s -s 
a fc -s 
£ §-'S 


u •§ 

O C 
O 

C U to 

O 4> Cu 

S’ 3 ! 

E o a 


4-i 

*-> 

u 

<u 

to 73 
flj e 

Z* 

Id 

2 § 

a 

<U ™ 

CO 

a o 

p «- 

V 

X) 

i ,s 


*d .* <u 

&S.-S 

ig° 

o. *-• c 
u x.2 
"Sow 
ifl 3 S 

“2g 

<U 4> 5 

E M g 

2 bo 

U .2 ° 

tl D w 

« 3 5 

~ - o 

3 o h 
3 a o 

113 « Cl 

op 3 oo 

•S’ 3 S 

■ S o XJ 

in cn U 
_T 1» 

4> W fc4 

£1 2 
r -1 1 cc co 


A "O 

C rj 
> O 

a « 

O <o 

u « 7 

Cl 1) 2 

■s-g J 

«i tr« 

S o u, 

^ w 
C3 J) 

■g 3 O 

S O ~ 
„ ii ci 


S&g 

-sl 

■a a 1 " 


3 0 3 

a. a <c 


2 "O 

•s y 

- 3 

-is CTJ &£) 
> RJ 

^ xi p 
U be 5 

in -< trj 

RJ § T3 

S5S 

u ° 
S a7 TJ 
c ti <u 

b 2 *2 

37 OJ o 

O rv •-< 

3 &« 

2 c 

C r3 
O *- XJ 
to ^ 

g= ,- 

! * ? 

T) Q, l) 

O E o 
£ 3 IE 
H a «3 


3 E 
i u 2 S 
E 3 -2 

Z, w 
■< J3 ra 


b33 

C oo 
3 M'S 
a .3 k 

X3 £* oo 

W) S ii 

£ s .a 


! WJ M. 

' ^T3 ° 

4> 

(fl U U 
5 TI 3 C 
•q cr w 

3 •-, v) 

cr— ■ x> 

33 « 

o s JB , 

> ^.2 
S <2 J3 . 

273 * 

i~< to 

O _, 

- u r? -E 


NM w • • 

s e§ 


— ■ 1/1 n 

*0^2 

Sii£ 


XJ xl o 

'3 ^ 

,« * t 

“•o <2 g 

g«-a !g 
E 2 ® • 

i iJ3 D 

b a a 1 


2 o c 

co <L» _ 

a 68^ I 

^ h 3 
° g U a 
d o o 

U 4> g 

111! 


1 T1 r ' 

111 

i1v§- 
s g s 


aj *-**-< qj 

-q ^ 3 jq 
-i 5 c ^ ^ 
o <u p a 
oo <u x| « a 

T) h w o 

> g . O 2 E 
v ts S 3) 

O' > to tG 

s «l! s 

g « J O ^ 
u>-5 -S — 

x> q e>o u 
». '3 3 g’rf! 
.2 xi c .E h 

-3 3 h 


u U II 

o ^ 
^■2 2 

3 “ 

d o _o 
u d -t- 1 

■9-2 2 

V g - 
^ S 00 


a o --3 u . 

Iiii». 
« 8 l-S-S 
1 E b'M' 

■iii« |. 

■ i s-’g s f - 


d o cv 
o — o ■ 

° fcl ? 
w <" II 

E £-2 « 
” .2 3 bO 

O CO c 

2 e v -g 

■S u ^ X3 


= 3:2 


c'l a 
•a ° 

S u 
3 • 9 

CN w . 
— • - 00 

, d s II 

2°° 
2 X) c-~ 

E ” T3 

^ s 9 


CO O ^ 

<d c q 

•-« 


Schulz, F and Fasol, K. H: Wasserstrahlpumpen, 3 Milne-Thomson, L. M: Theoretical hydrodynamics, 

Springer-Verlag ,1958) Macmillan, 4th Edition, Section 3.42 

Walkden, A. J: Reciprocating-jet pump’, Nature, 213 4 SCHULZ, F and Fasol, K. H: Wasserstrahlpnmpen, 

(5073), 1967, 318 fig. 49 



195 


Transactions of the Institution of Chemical Engineers. 

Vol . 48, 1970. p. T1 21 -TT2B 

EXPERIMENTAL AND THEORETICAL STUDY OF A 
RECIPROCATING-JET PUMP USING 
PNEUMO-HYDRAULIC DRIVE 

By A. J. WALKDEN, B.Sc., A.Inst.P.f and B. DENISE EVELEIGH, B.A.J 

SYNOPSIS 

Experimental and theoretical studies of the performance of a reciprocating-jet pump are described. The pump 
has no solid moving parts in contact with the pumped liquid, and each jet is coupled pneumatically via a gas — 
liquid piston to a mechanically-driven solid piston. Experimental results and theory show good agreement when 
boundary-layer effects are taken into account. Analogue computer solutions of the equations of motion for the 
drive system are presented : these may be adapted to calculate the performance of other designs. 


Introduction 

The reciprocating-jet pump 1-4 was devised for use at very 
high temperatures with corrosive liquids such as the molten 
salts at over 1600°K which might be encountered in a magneto- 
hydrodynamic generator. 5 ~ 7 An essential feature of the pump 
was to be the effective absence of solid moving parts, such as 
pistons, valves, and rotors so that it could be easily constructed 
from refractory oxides and remain relatively insensitive to 
erosion. 

The operation of the pump depends on the basic difference 
between the flow pattern 1 produced when fluid is blown 
steadily out through an orifice into a fluid-filled pipe and that 
resulting from a steady sucking of liquid in through the 
orifice. Thus in effect a non-reciprocal hydrodynamic effect 
is used in association with the main principle of the conven- 
tional jet pump 8 which is the injection of momentum into the 
primary fluid by means of a second fluid. The novel feature of 
the reciprocating-jet pump is that the liquid to be injected is 
extracted from the liquid being pumped. 

The “suck” stroke involves the extraction of an appropriate 


Gas Gas 



Gas -liquid 
piston 
cnambars 


liquid 


Fig. I . — Diagrammatic view of a two-stage twin-jet bulb-Venturi pump 


t The General Electric Company Limited, Central Research 
Laboratories, Hirst Research Centre, Wembley. 

J Present address: Ferranti Ltd, Wythenshawe, Manchester. 
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amount of liquid from the main body of fluid in readiness for 
re-injection during the “blow” stroke. Fluid emerging from 
the jet orifice during the blow stroke has a vectored mo- 
mentum which is then coupled to that of the surrounding 
fluid with an irreversible but not excessive loss of energy. 
During the suck stroke the same mass of fluid is extracted as 
had been injected during the blow stroke but the directional 
distribution of momentum removed from the main body of 
fluid is determined only by the flow pattern near the orifice. 

A number of pump designs were proposed and tested 2 and 
led to the design and construction of a glass model of the 
twin-jet bulb-Venturi version of the reciprocating-jet pump. 
The latter is the subject of this paper and a diagrammatic view 
is shown in Fig. 1. 

By comparing experimental results with theoretical pre- 
diction it was hoped to approach a working theory which, if 
not completely describing the rather complex hydrodynamics 
of the pump, would at least predict the performance of the 
pump under various operating conditions. 

Description of Pump 

The simplest form of pump comprises a cylindrical pipe 
with injector tubes or jets arranged at various points along the 
pump and directed in the direction of flow. The pipe and jets 
are filled with liquid and suitably phased pressure pulses are 
applied to the jets so that liquid is cycled through the jet 
orifices and a pumping head is developed. Possible methods of 
applying the pressure pulses are described elsewhere. 2 Of these, 
the most simple approach is to hydraulically couple the jets 
to gas chambers in which the pressure is pulsated. 

The pump studied in this paper is regarded as a practical 
hydrodynamic design and utilises the “bulb-Venturi” shape 
with two jets cycling in anti-phase so as to generate a uniform 
thrust. The main pipe is designed to accelerate the main 
stream of liquid through each Venturi to a velocity close to 
that of the blowing jet thus enabling momentum-mixing to 
occur with a minimum loss of energy. The diffuser converts 
the velocity-head back into pressure-head during the 
momentum-mixing process. 

Injection and extraction of the liquid are achieved by a 
pneumo-hydraulic drive system which comprises a reciprocat- 
ing mechanical piston coupled pneumatically to each “gas- 
liquid piston” chamber. The gas-liquid piston is defined by the 
common gas-liquid interface. The gas-liquid piston chambers 
in the experimental model used air as the drive gas and were 
made straight-walled and relatively long io ease the measure- 
ment of liquid strokes and tube velocities. Although wall 
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Fig. 2. — View of t/ie experimental pump and drive system 


resistance losses were thereby increased they could be cal- 
culated. A more efficient design, though haidei to analyse, is 
to continue the conical shape of the jets to include the gas- 
liquid pistons. Such a design has been made and successfully 
tested using a pneumatic drive system with servo-controlled 
valves. 3 

Theory 

It has been shown 2 by using the generalised form of the 
Euler momentum theorem that the relationship between 
pump-head and jet velocity may be expressed for a cylindrical 
main pipe as:§ 

h p = nkv^a(l-a/2-2v p /vj B )/g . (1) 

In the bulb-Venturi pump the main pipe is not cylindrical 
but is similar to the shape shown in Eig. 1 . This geometry will 
have little effect on the theory of the blow stroke provided that 
a is defined as the area ratio of jet nozzle to Venturi. However, 
the loss of pump-head due to the suck stroke is significantly 
reduced in this design because the liquid velocity in the 
bulbous part of the main pipe is lowered so that less velocity 
head is extracted. It might be argued that this should give no 
advantage because the pressure-head would be correspond- 
ingly increased and extracted with a similar loss of energy 
from the pump. However, this same pressure-head must be 
returned on the blow stroke so that no net change of pressure 
energy occurs during a complete cycle. 

A shortened analysis of the theory of operation of the pump 
now follows. The blow and suck stroke ot a single jet aie 
analysed separately and then combined using a steady-state 
model of a jet of area, Aj, directing liquid of constant density, 
p, into a cylindrical mixing region ot a Venturi ot area, A B . 
It is assumed that the body force (e.g. gravity) is zero and that 
the jet Reynolds number is greater than 2000. 

The instantaneous force, F JB , developed by the pump dining 
a steady blow stroke is given by the pressure force plus the rate 
of increase of momentum from the input. Using the Euler 
momentum theorem and the continuity equation we may 
derive: 2 

F jb = f >Ajv5 B (l-ul2-v p lv JH ) ■ ■ ( 2 ) 

§ Symbols have the meanings piven them on />. / 128 


This force acts over the area of the Venturi, A' r , so the 
instantaneous head developed during the blow stroke is given 
by: 

hj U = (ctvj u lg)(l -al2-v P lv JB ) . . (3) 

The instantaneous force produced by the suck stroke is 
given by the rate of extraction of momentum from the main 
part of the bulb carrying liquid of velocity, u„- For simplicity 
we will consider the bulb as being cylindrical up to the 
Venturi and of area A B . This force is given by the loss of 
velocity-head, and when combined with the continuity 
equation may be written: 

P JS — ~ pAjVjgVjs ■ ■ • ( 4 ) 

This force acts over the area of the bulb, so using fi =Aj/A b 
we may write the head loss during the suck stroke as : 

■ ■ • (5> 

For a symmetrical variation of jet velocity during a com- 
plete cycle of blow and suck we have v JB = u JS and u 2 JB = o 2 JS 
for the mean and mean squared velocities respectively. The 
average head produced by a pump with /(jets will be given by : 

= nifijy + Fijs) . . • ( 6 ) 

Hence combining equations (3), (5), and (6) the average pump- 
head is given by : 

v ju a h ?)[1 — a/2 — (1 + P 2 ){i’pl Vjd)] ■ (7) 

In the experiments to be described fi = 1/30 and so the suck 
stroke has only a small etfect. In a pump with a cylindrical 
main pipe and no Venturi fi = 1. 

A simple mathematical mode; may be used to obtain an 
approximate relationship between pump-head and drive 
pressure. This involves considering the behaviour of two 
piston chambers (attached to nozzie/diffusers) which feed 
liquid alternately from one to the other via the pump body. 
It is assumed that gravitational and inertial effects within the 
piston chambers are small, and that the piston area is much 
larger than that of the jet. By taking into account typical 
nozzle and dilfuser losses, the instantaneous space-average of 
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the jet blow velocity squared, available from a twin-jet com- 
bination at a given stage, may be expressed as : 

Vj B (t) = 2CjAp(t)/p. . ■ (8) 

The mean value including both jets may be expressed: 


v)b = 2CjApp = (2 CjjpT) 


f Ap(r)df 


( 9 ) 


Jo 

where the integral may be determined from the average over a 
cycle (T = 1 If) of the enclosed area of a recorded trace of 
drive pressure. Substituting equation (9) in equation (7) with 
n = 2andu, = 0 we have the pump stagnation-head given by: 


h p o 


2C J /<x[(l-oc/2)/p*] 


f A p(t)dt 


( 10 ) 


J 0 

Equation (10) relates h p0 to the measured drive pressure 
which may be provided by valved compressed air or, as in the 
present case, by reciprocating mechanical pistons. However, 
equation (10) does not consider how A p(l) is achieved, that is, 
it does not relate head to the sinusoidally swept volume of the 
mechanical pistons. This requires a more extensive treatment 
because the pressure is related to the results it achieves. This 
will now be considered below. 

The relationship between jet velocity and input parameters 
may be derived with the help of the simplified model shown 


in Fig. 3. This represents a twin-jet stage comprising two 
extended piston chambers and jets, which transfer liquid from 1 
one to the other in anti-phase. This would occur in practice 
only if the inlet and outlet to the main pipe of the pump were 



Fig. 3 . — Simplified theoretical model of a single twin-jet stage 

sealed off. In fact the closest practical approach to this 
situation is when the pump is at stagnation [that is, when v„ = 
0 in equation (7)]. The two cylindrical tubes of constant 
radius, r, which represent the two piston chambers, each have 
a short constriction at the end representing the nozzle/ 
diffusers. These are directed towards each other, along a 
common horizontal axis, into a sealed chamber representing 
the pump body, in such a way that one jet does not point 
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Fig. 4 . — Analogue computer solutions for- 
the variation of liquid-piston velocity with, 
frequency 
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directly into the other. A solid piston is reciprocated sinusoid- 
ally (m sin cot) in each of the two extreme open ends, so that 
their separation is constant. The liquid, of length 21, is located 
between these pistons with a gas cushion at each end, of length 
x 0 when at its centre position. The pressure is then p 0 , which 
is the ambient pressure within the pump body at the chosen 
pump stage. The variation in pressure difference due to piston 
movement will cause the liquid to cycle at a frequency co/In, 
and displacement x(t). In the experimental configuration with 
vertical air-liquid piston chambers, the liquid surfaces are 
stabilised by gravity and surface tension; also the static-head 
differences are small compared with the drive pressures, so 
gravitational restoring forces can be ignored. 

The equation of motion may be calculated by equating the 
pressure forces, which are dependent on the displacement of 
the liquid surface, x(t), to the opposing forces due to friction, 
inertia, and the nozzle pressures. The equation may be reduced 
to the following form: 

X + A\X\X-B 

The damping factor, A , is given by : 

A =[fl4R] + [F(y-l)l2LtanO] + 

[(y 2 -l)/4LC NB ] + [l/4LC NS ] (12) 
The terms in equation (12) represent respectively friction at 
the walls, friction in the nozzle sections, the reaction due to the 
creation of useful pump head, and the nozzle/diffuser loss on 
the suck stroke. For the typical set of experimental figures, 
which are shown in the list of symbols, the useful-head 
term accounts for 83% of the damping term, which was 
calculated to be A = 1-68. This 83% may be termed the 
theoretical efficiency of the drive system in converting 
pneumatic energy to jet velocity-head. 

Equation (11) is a non-linear second-order differential 
equation, since the restoring force is dependent on displace- 
ment, and the damping term is proportional to X 1 and 
changes sign with X. These factors make it impossible to solve 
the equation in any reasonably simple analytical manner. An 
analogue computer was therefore used.Thisgavetheadvantage 
that the practical limitation of X, due to cavitation at the 
nozzle/diffuser during the suck stroke, could be included in 
the theoretical analysis by adding the constraint : 

X 2 2C ss p 0 lpm 2 (y 2 -\) . . (13) 

The pump stagnation-head is given by o, = 0 in equation 
(7); and using u 2 j B = y 2 .v 2 = y 2 /n 2 A 12 we have: 

h p0 = (n/ca/g)[l-cc/2]y 2 m 2 X 2 . . (14) 

Values of x 2 and X 2 were obtained from the computer and 
are shown in Fig. 4. The X(t) and X{t) output traces were 
frequently non-sinusoidal with a large even-harmonic com- 
ponent. This became especially evident for large X when the 
cavitation constraint was switched into the computer circuit 
and caused up to 17% loss of maximum head. 

The two lower curves in Fig. 4 were used in conjunction 
with equation (14) to calculate the curves of theoretical head 
as a function of frequency, and are shown in comparison with 
experimental results in Fig. 5. These results are discussed 
later. 

The variation of parameters in equation (11) can cover 
a wide range of possible systems by judicious selection of 
values. A change in diameter which would be required for the 
theoretical study of larger systems merely involves an increase 
in R in equation (12); this makes the corresponding term in 
the damping factor A even less important than it was before. 

Description of Apparatus and Instrumentation 

A plan view of the two-stage twin-jet pump used for 
experimental studies is similar to Fig. 1. However, in order to 


L + sincof — X 
Xl — (L + sin wt — X) 2 


= 0 (11) 


facilitate the measurement of jet velocity, the gas-liquid piston 
chambers were made in the form of long vertical cylinders and 
were curved through 90° as shown in Fig. 2. The pump was 
tested in a closed loop and circulated water through an open 
tank with a ball-valve located on the outlet side of the pump 
to control flow-rates. The mechanical drive system embodied 
four pistons which were reciprocated by cams driven from a 
f h.p. motor via a Variator and gearbox. The Variator enabled 
the drive frequency to be varied between 0-6 and 5-2 Hz, while 
a variable fulcrum on the rocker arms allowed mechanical 
piston strokes of between 42 and 70 mm to be obtained. The 
phase difference between the two stages was set at n/l, and the 
difference between neighbouring jets at n. 

The jet velocity was determined by measuring the alternat- 
ing velocity in each of the piston chambers using a double 
Pitot-tube arrangement mounted through the tube walls. The 
differential pressure between the Pitots was recorded via a 
pressure transducer. During each half cycle one Pitot tube 
faced the direction of motion of the liquid and measured 
stagnation pressure while the other faced away and effectively 
measured the static pressure. The four Pitot-tube assemblies 
were calibrated separately using both alternating velocity at 
different frequencies, and constant velocity in both directions. 
The alternating velocities were calculated in each case from 
a measurement of the liquid stroke. Pressure transducers 
rated at 501bf/in 2 were used to measure the drive pressures in 
each of the four cylinders of the mechanical drive system and 
all transducer signals were displayed simultaneously on a 
12-channel ultra-violet recorder. Provision was made for a 
mercury manometer to be connected across one or both pump 
stages or alternatively, instantaneous pressures could be 
monitored by attaching pressure transducers at the same 
points. A flow-meter was independently calibrated and incor- 
porated in the main pump circuit. In order to compare the 
phases of the liquid stroke and of the drive pressure with that 
of the mechanical drive system, the latter was monitored in 
two ways. A potentiometer coupled to the u.v. recorder was 
driven off one mechani' al piston so as to give the instantane- 
ous position; and while at maximum displacement this piston 
triggered a pulse circuit, which deflected another u.v. spot 
to give a timing mark. 



f - FREQUENCY (Hi) 

a: V 0 = 106 ml 
b: V 0 = 150 ml 
c: V 0 = 178 ml 

d: Computer results: \' 0 = 150 ml 

X 0 = 5 36 
A = 153 

e: Computer results: V 0 = 150 ml 

X„ = 5 36 
A = 1-7 

Fig. 5 . — Measured variation of stagnation-head with frequency for 
different dead volumes, compared with Equation (II) 

Experimental Studies 

The stagnation-head, h p0 , of a single twin-jet stage was 
measured by allowing the pump to develop its full pressure- 



head while operating with the ball-valve closed. Figure 5 
shows how the pump stagnation-head varied with frequency 
for three different “dead” volumes, V 0 , of air enclosed be- 
tween the mechanical and liquid pistons. Each curve is of a 
similar shape and shows a resonance peak somewhere between 
2-3 and 2-6 Hz. Results computed from equation (11) for 
Vo = 150 ml are shown for comparison. In Fig. 6 curve a 
shows the measured head for V 0 = 150 ml in comparison with 
two curves calculated from equation (7) with u P = 0, using 



f ~ FREQUENCY (Hz) 


a: head measured with mercury manometer 

b: head calculated from Pitot-tube measurements and equation (7) 
c: head calculated from stroke in air-liquid piston chamber and 
equation (7) 

V 0 — 150 ml, no boundary-layer correction 

Fig- 6- — Measured variation of stagnation-head with frequency compared 
with equation (7) 



□ : second stage of 4-jet systems 
+ : sealed system 
O: dead volume varied 

Theory 

0: theory of Equation (7): no boundary-layer correction 
b: theory of Equation (7) assuming boundary layer 0-41 mm thick 

7. — Measured variation of stagnation-head with jet velocity for a 
single stage compared with equation (7) 
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measurements taken at the same time. Curve b shows the 
stagnation-heads derived from velocities measured by Pitot 
tubes, and curve c shows the stagnation-heads derived from the 
inexact visual measurements of liquid strokes. The measured 
heads are seen to be up to 60% greater than those calculated 
using a theory which takes no account of boundary layers. 

This discrepancy is shown more clearly in Fig. 7 where the 
stagnation-heads are plotted as a function of u 2 JB as deter- 
mined by Pitot-tube measurements and compared with the 
theoretical line a predicted by equation (7). Line b passes 
through the experimental results and lies nearly 60% higher 
than line a. Line a may be derived from equation (7) with the 
assumption of boundary-layer effects. This is discussed later. 

Pump-head as a function of flow-rate 

The variation of pump-head with flow-rate for three differ- 
ent jet velocities is shown in Fig. 8. The measured pressure 
rise across the pump was increased to compensate for the 
internal resistance of the pump at the same flow-rate. The 
internal resistance was determined in a preliminary experi- 



Vj„ Theory Experiment 

a: 5-9 m/s - A 

b: 5-2 m/s o 

c: 3-9 m/s x 


Theory uses measured v JB substituted in equation (7), with boundary- 
layer correction 


Fig. 8. — Measured variation of pump-head with flow-rate for a single 
stage compared with equation (7) 

ment with the jets inactive by passing water through the pump 
and measuring the pressure drop. This had the expected 
square-law dependence on flow-rate and amounted to about 
40 mm Hg at 0-2 1/s. Also shown are the theoretical heads 
calculated from equation (7) using jet velocities derived from 
Pitot-tube measurements with boundary-layer corrections 
incorporated. 



Fig. 9. — Variation of stagnation-head with frequency for a two-stage 
pump. V 0 ~ 120 ml 
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* : increasing f, constant V„ 

: constant f, decreasing 

Fig. 10 . — Comparison of measured stagnation-heads with 
theoretical values based on measured drive pressures and 
equation (10) 


Two- stage pump 

Experiments similar to those already described for a single 
pump stage have been conducted using two stages. In Fig. 9 
the variation of stagnation-head with frequency is shown, 
and compared with the corresponding curve for a single stage, 
the dead volumes in each case being similar. The maximum 
stagnation-head achieved by two stages was 325 mm Hg at a 
frequency of 2-4 Hz, which was 2-44 times the head of 1 33 mm 
Hg achieved by a single stage at the same optimum frequency 
and similar dead volume. This difference was attributed to the 
increased mean pressure produced by the first stage. This 
increased the jet suck velocity and hence the stroke of the 
second stage. 

Comparison of experimental head with theoretical head based on 
drive pressures 

The mean drive pressure over a single cycle was derived by 
integration of the u.v. recorder traces for each jet. In Fig. 10 
the theoretical head, based on mean drive pressure and using 
equation (10), is compared with the experimentally obtained 
head for single- and two-stage pumps. The agreement is as 
would be expected, with efficient conversion of drive pressure 
into velocity head at the lower pressures but at higher pressures 
there is increasing inefficiency as the drive pressures have to 
overcome the higher resistance losses in the air-liquid 
pistons. At the maximum drive pressure and frequency used 
the experimentally obtained head was only 50% of the head 
calculated from simplified theory. 

Calculation of pump efficiency 

The power input to each of the air-liquid pistons was 
measured from the area of the appropriate pV indicator loop. 
This was displayed on an oscilloscope and was derived from 
the volume-displacement potentiometer and the pressure 
transducer attached to the air-liquid piston chamber. A 
Polaroid camera mounted on the oscilloscope recorded the 
/>Kloop averaged over several cycles. 

By assuming that the work done on the gas was small 
compared with the work done on the liquid in the piston 
chamber, the pumping efficiency was only slightly under- 
estimated. The power output of the pump for a given jet 
velocity is proportional to the product of pump-head and flow- 
rate and is a maximum when h„ = £ h p0 . This was calculated 
from the characteristics of head and flow which included 
internal resistance losses. 


P -TOTAL MEAN DRIVE-PRESSURE (mmHg) 



Figure 11 shows the variation with frequency of pump 
efficiency, based on these input and output powers. Also 
included in the graph is one point calculated using a more 
accurate p V indicator loop plotted from p and V derived from 
the u.v. recorder. The results are fairly scattered due to the 
inaccuracy in determining the input power from the pV loops; 
however, the overall trend is as expected, with efficiency 
decreasing as the frequency is raised. The maximum measured 
efficiency was 32% at a frequency of T5 Hz but in the 
“optimum” frequency range of 2-3 - 2-5 Hz (that is, where the 
greatest heads were produced) the efficiency was typically 
ct,out 22%. 



Fig. I I . — Variation of pump efficiency with frequency for a single stage 

The theoretical maximum efficiency of a conventional jet 
pump is 38 % 8 with a = 0-28. For a reciprocating-jet pump 
with the same area-ratio a, it was estimated 1 that the efficiency 
would lie between 12 and 24%, depending on the losses during 
the suck stroke. However, it is found that a = 0-5 is quite 



satisfactory with the reciprocating-jet pump and moreover « 
close to unity is feasible. In a conventional jet pump this is out 
of the question, since very little of the pumped fluid could be 
transferred. The higher values of a permissible with the 
reciprocating-jet pump tend to offset losses during the suck 
stroke 

Discussion 

If the jet velocities, v Ja , had never been derived experiment- 
ally the agreement between measured stagnation-head and 
theoretical stagnation-head, based on the mechanical-piston 
drive parameters and pump dimensions would have been 
sufficiently good for no further explanation to be required. 
However, some values for v JB were derived and differed by 
some 26 0 / o from those expected. The following two points must 
be stressed. Firstly, v JB was never measured directly because of 
both restricted space and the necessity of avoiding interference 
with the jet. It was always inferred from an estimate of the 
total flow through the jet orifice, which was based on Pitot- 
tube measurements of velocity in the straight-wall section of 
the air-liquid piston chamber. Secondly, v JB was not constant 
but varied across the jet diameter. It can be shown that for a 
given flow-rate the calculated velocity head can vary over a 
wide range depending on the velocity profile assumed. It 
is the effect of velocity profile which is likely to be the main 
cause of the discrepancies when u JB is considered. 



6 - BOUNDARY -LAYER THICKNESS (mm) 


Venturi bore = 10 mm 
Jet-nozzle bore = 7 mm 

Fig. 12 . — Increase of pump-head with boundary-layer thickness for a 
given liquid flow-rate through the jet nozzle 

A liquid boundary-layer thickness, <5, may be defined as the 
thickness of zero-velocity fluid which must be present in order 
to provide the correct total flow and velocity head with a 
square velocity-profile in the central region. Figure 12 shows 
the effect on pump-heads calculated from equation (7) of 
various thicknesses of boundary layer in the orifice of the jet 
nozzle and Venturi. This boundary layer reduces the effective 
cross-sectional area of the orifices. Hence for a given liquid 
flow-rate through the jet nozzle, the average jet velocity is 
increased with a corresponding considerable increase in 
stagnation head. Figure 7 shows that an increase of 60% in 
theoretical head is required to obtain agreement with experi- 
ment. A boundary-layer thickness of 0-41 mm would provide 
this. 

Typical jet velocities for this work were in the region of 
5 m/s; at which velocity laminar boundary-layer theory gives 
<5 = 0-3 mm, while turbulent boundary-layer theory gives 
<5 = 0-6 mm. The theory is based on steady as opposed to 
oscillating flow, so the “experimental result” of <5 = 0-41 mm 
is not inconsistent. 

Figure 10 shows that experiment is in agreement with the 
theory of equation (10) at frequencies and drive pressures 
which are low but gives lower values than theory at frequencies 


and drive pressures which are high. The increasing discrepancy 
as frequency rises is because equation (10) takes no account of 
inertial and frictional effects in the air-liquid piston chambers. 
A closer agreement with equation (10) has been found when 
using a pump with conical piston chambers having a larger 
ratio of piston-to-jet area. The fact that in Fig. 10 experimental 
values are not greater than values predicted by a theory which 
takes no account of boundary-layer effects is because theoretical 
heads are based on measured pressure rather than jet velocity. 
The effect of boundary layers is merely to redistribute within 
the jet the total of injected momentum. This total is deter- 
mined primarily by the pressure pulse, A p(t). 

Considering now the solutions to equation (11), we see in 
Fig. 5 that for V 0 = 150 ml there is good agreement with 

experimental results when computed values for X 2 are sub- 
stituted in equation (14). The computed frequency of velocity- 
resonance was 2-4 Hz as compared with a measured value of 
2-5 ±0-1 Hz. However, when the pump was sealed at both ends 
in order to approximate more closely to the theoretical model 
the resonance frequency was 2 0 Hz. For the chosen system 
A = 1 -68 was calculated in equation (12) but it is seen that 
A = 1 -53 gives a value for maximum stagnation-head which 
equals the experimental value so the losses must be slightly less 
than estimated. Observed strokes were about 30% less than 
those predicated from equation (11). This is again due to 
velocity-profile and boundary-layer effects. In practice, the 
effect of the boundary layer is to increase y and hence the 
damping term A, thus reducing the stroke. However, so far as 
pump-head is concerned, this is offset by increased velocity in 
the centre of the jet so that a similar velocity head is generated. 
When the two parts of the theory, namely equations (7) and 
(11), are put together in equation (14) the boundary-layer 
effect is cancelled. 

A more rigorous treatment would consider the variation of 
boundary-layer thickness, <5, with drive pressure and velocity. 
In larger systems <5 becomes relatively less important, so when 
piston-driven pneumatically-coupled reciprocating-jet pumps 
of larger size are being considered, the use of equations (7) and 
(11) is expected to give accurate predictions of pump per- 
formance. 

The Strouhal numbers (defined by St - fDjuj, where /is the 
frequency, D is the diameter of the jet orifice, and 5j is the 
mean jet velocity) were typically less than 10 -3 in this work. 
As the Strouhal number is increased the non-reciprocal 
effects will tend to disappear because vortices will have less 
time to develop and potential flow will take up a larger 
fraction of the blow stroke. In addition, the Reynolds number 
(defined by Re = OjDp/p, where p is viscosity) must be high to 
achieve turbulent mixing during most of the blow stroke, and 
in this work was typically > 10*. This suggests that the 

dimensionless number ( RejSt = u 2 plfp) should be as large as 
possible, say > 10 s . However, the limits for useful operation of 
the reciprocating-jet pump remain to be determined. 

Conclusions 

The measured characteristics of a water model of the 
reciprocating-jet pump agree well with theory provided the 
velocity profile in the jet is taken into account. Analogue 
computer solutions of the equations of motion of the “gas- 
liquid pistons” were used to derive jet velocities. These 
velocities were combined with momentum-mixing theory 
to give pump-head as a function of both flow-rate and the 
parameters of the mechanical drive system which provided 
the pneumatic energy. Measured efficiencies of up to 32% were 
obtained for the conversion of pneumatic energy to useful 
pump energy. 
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Symbols Used 

A = damping factor. 

,-Ib = area of (cylindrical) bulb. 

Aj = area of jet nozzle. 

A P = area of cyclindrical mixing region of Venturi. 

B = poXolpLm 2 . 

D = diameter of jet orifice. 

Cj = loss coefficient of nozzle/diffuser (typically = 0-67). 
C.va = nozzle loss coefficient when blowing (= 0-95). 

Css = nozzle loss coefficient when sucking (0 7). 

F = d’Arcy friction coefficient ( = 0 03). 

F jb = instantaneous force developed by blow stroke. 

F JS = instantaneous force developed by suck stroke. 

/ = frequency of cycle. 
g = acceleration due to gravity. 
h ]B = average head produced by blow stroke. 
h JS = average head produced by suck stroke. 
h„ = average head produced by //jets. 
h„o = pump stagnation-head. 
k = ratio of blow period to total time of cycle, T( = 1//). 
L — I'm = normalised mean length of liquid in a piston 
chamber ( = -3-23). 

m = effective amplitude of the solid piston displacement 
that is, as corrected by the area ratio between the 
mechanical and liquid pistons (0T7 m). 
ii = number of jets. 

p a = equilibrium air pressure in the gas column (typically 
atmospheric pressure = 10 5 N/m 2 ). 

R = r in = normalised piston-chamber radius ( = 0 03). 
Re = Reynolds number (= T7J Dp\p). 

St = Strouhal number ( = f Dj uj). 
ob = liquid velocity in main part of bulb. 
oj = mean jet velocity. 
ojb = mean jet velocity during blow period. 

= mean square jet velocity during blow period. 


i ij s = velocity during suck period. 

u P = liquid velocity in the Venturi of main pipe. 

.V = x/m = normalised displacement. 

Xu = xo/m = normalised and area corrected length of gas 
column in the equilibrium position when sin cot =0 
(that is, ,v o = 0-91 in corresponds to a dead volume 
V 0 = 150 ml in the experiments). 

,v = displacement of liquid. 

.v'(/) = displacement of liquid surface. 

a = ratio of area of jet nozzle to area of Venturi or main 
pipe. 

fi = AjIA b . 

y = ratio of air-liquid piston area to jet area (= 4-28). 

A p(t) — modulus of instantaneous difference in gas pressure 
in the two piston chambers. 
n = viscosity. 

0 = half angle of the conical nozzle (= 10°). 
p = density of liquid. 
co = frequency. 

Except when numerical values are inserted, the above 
quantities may be expressed in any set of consistent units in 
which force and mass are not defined independently. 
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ABSTRACT OF THE DISCLOSURE 

A pump especially suitable for use with corrosive fluids 
has a fluid-filled pump channel with side passages extend- 
ing from points spaced along the channel length, each of 
which passages is partly filled with the fluid the amount 
of which lying within the passage is caused to pulsate by 
means entirely external of the channel, the passage inlets 
being directed along the channel length and the pulsations 
between the passages being so phased as to induce a net 
forward flow of the fluid. A liquid can be pumped by 
va it tions in the gas pressure applied over the liquid level 
with n the passages, and the passages and passage inlets 
can be arranged so that for each passage the suck strokes 
as \ 'ell as the blow strokes induce a forward flow of the 
liquid. 


This invention relates to a form of pump for the pump- 
ing of fluids and more particularly, but not exclusively, 
for the pumping of high temperature and/or corrosive 
fluids. 

Conventional pumps such as those relying on the direct 
pumping action of pistons or turbine blades in contact 
with the fluid being pumped have the disadvantage in the 
handling of high temperature and/or corrosive fluids of 
severe corrosion together with the possible melting of 
parts and may even prove impossible to use for the pump- 
ing of some fluids of this nature. 

It is an object of the present invention to provide a 
pump which can be designed to be more suitable for use 
with at least some fluids of this nature. 

According to the invention, a pump for fluids comprises 
a channel from which there project a plurality of pas- 
sages spaced in succession along the length of the chan- 
nel, the channel extending from a first region to a second 
region and the passages being connected to means for 
effecting pulsations of fluid along the passages when, in 
use of the pump, the channel is filled with fluid which ex- 
tends into the passages, said means being arranged to so 
phase the pulsations between the various passages, and 
the passage inlets being so directed along the length of the 
channel, as to induce a net forward flow of fluid along the 
channel from said first to said second region when these 
regions are respectively at low and high pressures. 

A pump in accordance with the invention can be so 
constructed that the pulsations of fluid along the passages 
are produced by variations in the pressure of a gas or 
liquid linkage such that there are no mechanical moving 
parts such as pistons or turbine blades which might be 
liable to corrosion or melting directly in contact with the 
fluid being pumped. 

A pump in accordance with the invention can be so 
designed that there is a net forward flow of fluid induced 
along the channel during both the suck and the blow 
strokes of the pulsations in any passage. 

In one form of the invention the channel is of approxi- 
mately cylindrical shape and the passages are in the form 
of tubes extending from the walls of the channel and in- 
clined backwards with respect to the direction of flow of 
the fluid. 

In another form of the invention the channel is of the 
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form of a senes of venturi parts and the passages extend 
as tubes through the walls to the centre of the channel 
and within the channel are bent in such a way that their 
nozzles point along the axis of the channel in the desired 
6 direction of pumping. 

In a particular type of this last form for pumping liquids 
downwards across high pressure gradients the said chan- 
nel >s vertical and two passages project into each venturi, 
one on opposite sides. 

]q In yet another form of the invention the channel is 
vertical and each passage of said channel is approximately 
funnel-shaped, the aperture of each passage where it 
joins the channel extending round the circumference of 
the channel. 

13 In a pump of the last mentioned kind arranged for 
pumping liquids downwards the passage funnels point 
downwards, the pressure responsive medium is a gas and 
the surfaces of each funnel passage are preferably ridged 
internally in spirals about the axis of the central channel 
20 in such manner as to cause the liquid in each passage on 
a blow stroke to swirl into a vortex motion within the pas- 
sage and thereby upon ejection, by virtue of the centrifu- 
gal force acquired, to be flung outwards and down the 
channel rather than upwards. 

25 Additional features which may be incorporated in said 
last mentioned kind of pump in order to enable the pump- 
ing of liquids upwards to be effected is the provision of 
funnel passages each of which is upwardly pointing ad- 
jacent the channel but bent back upwardly upon itself to 
30 provide a bend at the bottom communicating between 
downward and upward funneled passage portions and 
drive means so adapted as to effect pulsations in which the 
pressure responsive medium fluid interfaces oscillate 
wholly within the downwaid portions of the passages so 
35 that no pressure responsive medium is blown out into the 
central channel and so lost. 

In a pump of said last mentioned kind and with said 
spirals it is preferable for the spiralling within each funnel 
passage to be of the opposite clockwise sense to those in 
40 the passages immediately above and below it, thereby pro- 
moting, by angular momentum coupling, more efficient 
transfer of fluid out of one passage on a blow stroke and 
into the next in the desired direction of pumping. 

In a pump of said last mentioned kind for pumping 
45 liquids the axis of each passage and the axis of the central 
channel in the direction of pumping are preferably in- 
clined acutely and the edge of the nozzle therebetween in 
these said directions is sharp so that on a suck stroke the 
non-reciprocity of flow of a liquid forced around a sharp 
50 bend is utilized and liquid drawn into each said passage 
is effectively lodged there until the coming of the next 
blow stroke when optimum force of blow-out will be 
achieved. 

The materials of which the walls of the channel and the 
J 5 passages are constructed or with which they are lined 
must of course be sufficiently refractory and chemically 
resistant to the fluid bei..g pumped as not t > deteriorate 
unduly rapidly in use. 

The modus operandi of any of ib : above kinds of pump 
in accordance with the invention resides in the completely 
different flow patterns which arise during the blow and 
the suck phases of a cycle or pulsation. This results in a 
net transfer of momentum in the direction towards which 
the jet orifice of each passage is pointed. During a blow 
®5 stroke a jet orifice acts as a source of directed momentum, 
resulting in a vector “jet flow” pattern. During a suck 
stroke a jet orifice acts as a sink which extracts the same 
mass of fluid as had been injected into the central channel 
in its previous blow stroke. A scalar “potential flow" pat- 
70 tern is formed so that the extracted fluid contains little 
directed momentum until it re-enters the jet orifice. 

Considered in terms of energy it may be seen that dur- 
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ing a blow stroke gas pressure energy or mechanical energy 
is convened initially into kinetic energy of fluid within 
each passage. This is vectored into the central channel 
where momentum mixing occurs with an unavoidable 
energy loss to produce an increase in fluid pressure energy. 
(A venturi reduces this mixing loss.) A small amount of 
pressure energy is lost during a suck stroke. 

Consideration of the Euler momentum theorem com- 
bined with an impulse treatment, gives the following ex- 
p.ession for the mean head developed by the pump: 

where 

n is number of jets 

K is the time fraction of blow during one cycle 
«^1 is the ratio of jet area to tube or venturi area 
»jd is the root mean square jet velocity during blow 
»jb is the mean jet velocity during hlow 
>T is the mean flow velocity of the main throughput in the 
mixing region 

g is the acceleration due to gravity 

One use for pumps in accordance with the invention 
which is particularly envisaged is the pumping of hot 
mol’en slag-seed mixture in a c jmbined heat exchanger 
and seed recoverer of magneto hydrodynamic generator 
plant. 

Pumps in accordance with the invention might however 
also find use, for example, for the pumping of molten 
metal or other materials, for example in the glass and 
metal industries, or for the pumping of highly corrosive 
liquids and/or gases in the chemical industry, or for the 
pumping of blood in surgical operations since these pumps 
lack such mechanical moving parts as valves opening and 
shutting or pistons scraping against cylinder walls which 
would be damaging to the Hood corpuscles. 

Several arrangements in accordance with the present in- 
vention will now be ('escribed, by way of example, with 
reference to the accompanying drawings, in which: 
FIGURE 1 is a sectional side view of part of a pump 
according to the invention for pumping liquid at a high 
rate of flow, 

FIGURE 2 is a sectional side view of part cf a further 
pump according to the invention for pumping liquid, 
FIGURE 3 is a sectional side view of part of another 
pump according to the invention designed for pumping 
liquid across high pressure gradients, 

FIGURE 4 is a perspective section of part of another 
pump according to the invention designed for pumping 
liquid downwards, 

FIGURE 5 is a perspective section of part of another 
pump according to the invention designed for pumping 
liquid upwards, 

FIGURE 6 is a part-sectional view of part of another 
pump according to the invention for pumping liquid, 
FIGURE 7 is a sectional view across AA of the pump 
shown in FIGURE 6, 

FIGURE 8 is a perspective view of a fluted conical sur- 
face within the pu np .shown in FIGURE 6, 

FIGURE 9 is a diagrammatic representation of any 
one of the four valves of the pneumatic drive system shown 
in FIGURE 11, 

FIGURE 10 is a perspective view of a mechanical drive 
system designed mor: particularly for use with any of the 
pumps shown in FIC URES 4, 5 and 6, 

FIGURE 1 1 is a perspective view of a pneumatic drive 
system designed more particularly for use with any of the 
pumps in FIGURES 1, 2 and 3, 

FIGURE 12 is a sectional side view of part of another 
pump according to the invention designed for pumping 
liquid downwards acioss high pressure gradients. 

Referring now to the drawings, FIGURE 1 shows in 
side section part of the operative length of a pump for 
pumping liquids designed for a high rate of flow and 
having a cylindrical central channel i provided with 
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tubular side passages inclined backwards with respect to 
the direction of flow of the liquid along the central 
channel. Such a pump is particularly suitable for the 
pumping of liquids at high Reynold’s numbers. Both the 
5 channel and the side passages 2, 3 are filled with liquid 4 
extending to a vertical cylinder, not shown, but to be 
later described (appearing as 82 in FIGURE 11), which 
cylinder is filled in the lower part with liquid and in 
the upper part with gas, the pressure of which gas is 
I0 made to oscillate by external pumping means, also later 
described, thus causing the gas-liquid interface in the 
cylinder to rise and fall and liquid to flow in and out 
of the passages, and thereby to drive the pump. The ad- 
vantage in employing oscillatory means of this kind in 
13 this and all further embodiments to be described is that 
more efficient coupling of momentum from the gas into 
the liquid is achieved than would be possible with say 
a continuous stream of gas which would result in bubbling 
of gas through the liquid and consequently small transfer 
2o of momentum from gas to liquid. The arrows indicate 
the lines of flow of the liquid when the passages 2 are 
on their blow strokes and the passages 3 are on their suck 
strokes. This pump and all further embodiments to be 
described are in particular directed to the pumping of 
23 molten-slag-seed mixture across pressure gradients of up 
to 10 atmospheres at temperatures between 1400* C. and 
1800’ C. in a combined heat exchanger and seed re- 
coverer of magnetohydrodynamic generator plant. 

FIGURE 2 shows in side section part of the operative 
30 length of a pump having a cylindrical central channel 5. 
The side passages in this embodiment comprise tubes t 
and 7 which project into the channel wall perpendicula: ly 
and pass to the centre where they are bent so that their 
jets 8 point along the axis of the channel in the direction 
33 of pumping. Both the channel and the tubes are filled 
with liquid extending to a vertical cylinder, not shown, 
but to be later described (and appearing as 82 in FIG- 
URE 11) filled in the lower part with liquid and in the 
upper part with gas. the pressure of which gas is made 
40 to oscillate by external pumping means, also later de- 
scribed, thus causing the gas-liquid interface in the cylin- 
der to rise and fall and liquid to flow in and out of the 
passages and thereby to drive the pump. These oscillations 
effect an approximately scalar influx of liquid 9 into 
any passage upon its suck stroke and a vector efflux out 
45 of the jet of any passage along the channel in the desired 
direction of pumping of the liquid upon the blow stroke 
of the passage. The arrows indicate the lines of flow of 
the liquid when the passage 6 is on its blow stroke and 
the passage 7 is on it suck stroke. 

50 FIGURE 3 shows in side section part of the operative 
length of a pump wherein to achieve pumping across 
large pressure gradients the channel 10 is of the form 
of a series of venturi parts. Tubular passages 11, 12 of 
a suitable material project into the channel through the 
55 walls and pass to the centre where their jets 13 point along 
the axis of the channel in the desired direction of pump- 
ing. The tubular passages are enclosed in a sheath 14 
for streamlining and to protect the material of the pas- 
sages from erosion. Both the channel and the side passages 
00 are filled with liquid extending to a vertical cylinder, 
not shown, but to be later described (appearing as 82 
in FIGURE 11) filled in the lower part with liquid and 
in the upper part with gas, the pressure of which is made 
to oscillate by external pumping means, also later de- 
65 scribed, thus causing the gas-liquid interfaces in the 
cylinder to rise and fall and liquid to flow b and out 
of the passages and thereby to drive the pump. These 
oscillations effect an approximately scalar influx of liquid 
bto any passage upon its suck stroke and a vector efflux 
70 out of the jet of any par-age and along the channel b the 
desired direction of pumping of the liquid upon the blow 
stroke of the passage, the arrows bdicate the lbes of 
flow of the liquid when the passage 11 is on its blow 
stroke and the passage 12 is on its suck stroke. 

75 FIGURE 4 shows b perspective section part of the 
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operative length of a pump for pumping liquids down- 
ward. The pump is constructed in cone shaped portions 
16, 17, 18, 19, 20 which are fitted together one within the 
other to form the pump. The passages 21, 22, 23, 24 
between the portions so fitted together are funnel-shaped 
and lead into the central channel 25 of the pump and 
their cones point in the desired direction of pumping. 
The passages contain partly liquid 26 and partly gas 27. 
The pressure of the gas 27 within each passage is made 
to oscillate ty external pumping means later described 
so as to cause the gas-liquid interfaces 28 to oscillate 
within each passage. The arrows indicate the lines of flow 
of the liquid when the conical passages 22, 24 are on 
their blow strokes and the conical passages 21, 23, are 
on their suck strokes. This type of pump is particularly 
suitable for the pumping of liquids of high to low Rey- 
nold’s numbers. 

FIGURE 5 shows in perspective section part of the 
operative length of a pump for pumping liquids upwards. 
The pump is constructed in rotationally symmetrical W- 
section portions 29, 30, 31, 32, 33 which are fitted to- 
gether one upon the other to form the pump. The pas- 
sages 35, 36, 37, 38 between the portions so fixed to- 
gether each has the form of an upwardly pointing cone 
with an axially symmetrical upwardly pointing U-bend 
in its surface. These passages open at an upwardly point- 
ing angle into the central channel 39 up which liquid is 
desired to be pumped. Each passage contains partly liquid 
40 and partly gas 41. The pressure of the gas 41 within 
each passage is made to oscillate by external pumping 
means later described so as to cause the gas-liquid inter- 
faces 42 to oscillate within each passage. The arrows in- 
dicate the lines of flow of the liquid when the conical 
passages 35, 37 are on their blow strokes and the conical 
passages 36, 38 are on their suck strokes. 

FIGURE 6 shows in part section and in part raised 
elevation part of the operative length of a pump for 
pumping a liquid downwards. The pump is constructed 
in cone shaped portions 43, 44, 45, 46 fitted one upon 
another to form the whole pump. The passages 47, 48, 
49 therebetween the portions so fitted together are funnel 
shaped and lead into the central channel 50 of the pump 
and their cones point in the desired direction of pumping. 
The interior surfaces 51, 52, 53, 54, 55, 56 of the passages 
are ridged spirally and for clarity 51 is shown in raised 
elevation and is further shown in FIGURE 8. The spiral- 
ling of surface 54 shown chain-doted is intended to 
illustrate the spiralling at the front of this conical sur- 
face. The spiralling of adjacent passages is indicated to 
be in the opposite sense to one another as is preferred. 
Each passage contains partly liquid 57 and partly gas 
58. The pressure of the gas 58 within each passage is 
made to oscillate by external pumping me. ns, later de- 
scribed, so as to cause the gas-liquid interfaces 59 to 
oscillate within each passage. By virtue of the spiralling 
a vortex motion of the liquid is created within the passage 
upon a blow stroke so that the liquid upon ejection is 
by centrifugal force flung outwards and down the channel 
in the desired direction of pumping rather than back up- 
wards. The arrows indicate the lines of flow of the liquid 
when the conical passages 47, 49 are on their blow strokes 
and the conical passage 48 is on its suck stroke. 

FIGURE 7 is a sectional view across AA of the em- 
bodiment shown in FIGURE 6 and in which sect'onal 
view kinks 60, 61, 62, 63, etc. in the passage 48 and 
kinks 64, 65, 66, etc. in the passage 47 are clearly shown. 
The arrows indicate the senses of swirl of the liquid in 
the passages 47, 48 if the spiralling of the walls of ad- 
jacent passages in FIGURE 6 are in the opposite sense 
of rotation (looking in the direction of pumping) and 
when passage 48 is on its suck stroke and passage 47 is 
on its blow stroke. 

FIGURE 8 shows a perspective view of the fluted inner 
conical suru>ce 54 within the embodiment shown in 
FIGURE 6 and also to seme extent the fluted conical sur- 
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face 51 and the central channel 50. It can be clearly 
seen from FIGURE 8 that the spiralling of conical sur- 
faces 51 and 54 in FIGURES 6, 7, 8 is in the opposite 
sense as is preferred. 

5 FIGURE 12 shows in side-section part of the operative 
length of a pump of suitable refractory material wherein 
to achieve the pumping of high temperature liquid slag- 
seed mi' ture downwards across high pressure gradients 
in M.H.D. generator plant the channel 112 is vertical 
10 and comprises a series of venturi-parts, such as 114 and 

115, connected end-to-end. Pairs of tubular passages such 
as 116, 117 and 119, 120 project downwardly into the 
verturi, one pair into each venturi, respectively 114 and 
115 in these latter cases, and with each passage inclined 

15 at an angle of approximately 10* to the axis of the 
channel. The tubular passages are tapered substantially 
towards their nozzles and at an angle of 10* to their 
respective central axes. The end-edges of the nozzles of 
each pair of passages are rounded to effect a smoother 
20 flow of liquid into and out of their apertures than wouid 
otherwise be obtained and the nozzles are positioned just 
upstream of their respective adjacent venturi restrictions. 
The passages contain partly liquid 121 and partly gas 
123. In use the pressure of the gas 123 is made to oscillate 
25 in each passage tube by external pumping means to be 
later described. These oscillations are so phased in the 
various passage tubes as to be exactly in phase in the 
passages such as 116 and 119 on one side of the central 
channel and exactly 180* out of phase with those such 
30 as 117 and 120 on the opposite side of the channel. The 
pumping means used and to be later described is arranged 
in this embodiment to cause the gas-liquid interfaces in 
the passages to oscillate wholly within the purely cylin- 
drical portions of these passages. The arrows indicate 
33 the lines of flow of the liquid when the tubular passages 

116, 119 are on the early part of their blow strokes and 
the tubular passages 117, 120 are on the early part of 
their suck strokes. 

In any of the embodiments shown in FIGURES 1-8 
“•0 or in FIGURE 12 the material employed for the walls 
of the channel and the passages or lining thereof may 
suitably be low porosity magnesium oxide, zirconium 
oxide or thorium oxide or other refractory material inert 
to the liquid being pumped. 

45 FIGURE 9 is a diagrammatic representation of one 
of the valves of the pneumatic drive means of FIGURE 
1 1 designed for use with any of the pumps shown in FIG- 
URES 1, 2, 3 and 12. Such a pneumatic drive means is 
shown in perspective in FIGURE 11. FIGURE 9 shows 
50 a single valve which controls the suck and blow strokes in 
a single passage of any of the pumps. In FIGURE 9 a 
hollow metal cylinder 67 is turnable about its axis and 
is situated within a metallic casing 68 having diametrical- 
ly opposite outlet chambers 69, 70 formed in its walls 
55 each outlet chamber leading by way of flexible tubing 71, 
72 respectively through controllable subsidiary valves V 
to low and high gas pressure reservoirs 73, 74 respective- 
ly (the gas being, of course, a non-corrosive one). The 
central hollow cylinder 67 has slotted ports 75, 76 cut in 
60 its walls and situated at 90* apart from each other. These 
slotted ports 75, 76 are very much narrowe. than the 
chambers 69, 70. Up into the bottom of the metallic 
casing 68 at a level lower than the extent of the hollow 
meta' cylinder 67 there protrudes a pipe 77 leading to 
<>c one of the pump passages via the cylinder 82 in FIG- 
URE 11. 

In operation of the valve, cylinder 67 is oscillated 
through an angle of about 90* so that ports 75, 76 are 
alternately open to their respective chambers 70, 69 and 
Yq for a small fraction of the time neither is open. During 
the time that port 75 is adjacent to the chamber 70, gas 
will rush into the interior 78 of the metal cylinder 67 
and then downwards into the lower part of the metal cas- 
ing 68 , into the pipe 77 and so to the gas-liquid inter- 
75 face for the passage being pumped and so producing a 
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blow stroke in this arm. Likewise during the time that 
P°h 76 is adjacent the chamber 69 gas will be drawn out 
of the interior 78 of the metal cylinder 67 and sucked 
upwards from the lower part of the casing 68, sucked 
out of pipe 77 so causing a suck stroke in the passage being 5 
pumped. During the times that neither of the ports 75, 76 
is open the interior of cylinder 67 and the lower part of 
the casing 68 will be cut off from both of the gas pressure 
reservoirs 73, 74. This period should preferably be made 
as brief as possible. 

The metallic casing 68 is made to some extent angularly 10 
adjustable for the purpose of controlling the relative tim- 
ings of the suck apd blow strokes. The pointer 79 is 
indicative of the angular setting of the metal casing 68 
and is shown in FIGURE 9 as it would be for suck and 15 
blow strokes of equal duration. The casing 68 could be 
set such that pointer 79 is anywhere between A and B 
however. With pointer 79 close to the extreme position 
A there would be very short blow strokes but full suck 
strokes and vice versa when point 79 is closed to extreme 2 o 
position B. This facility may be used in a system to servo- 
control the liquid heights in the pump passages in for ex- 
ample a pump for pumping liquids downwards. 

FIGURE 11 is a perspective view of the pneumatic 
drive means, one valve of which is shown diagrammatical- nr. 
ly in FIGURE 9. In FIGURE 11 four such valves C, D, 

E, F of a pneumatic drive means are shown operated by 
a single drive 86 which rotates continuously but yet causes 
each of the valve arms 81 and therefore the valve interior 
cylinders 67 adjoined merely to oscillate continuously 30 
through approximately 90° as required. Each valve is con- 
nected by way of pipe 77 to its own pump passage via 
its own intermediary cylinder 82 containing partly gas 
83 and partly liquid 84. This avoids both the risk of blow- 
ing gas into the central channel in the event of an over- 35 
blow and the danger of sucking back corrosive liquid into 
the drive means in the event of an over-suck or of the 
evolution of a blockage in the central channel In the 
case of embodiments 4, 5, 6 the tube 77 will be connected 
direct to the passages of the pump. 40 

FIGURE 10 is a perspective view of a mechanical drive 
means alternative and preferred to the pneumatic drive 
means last described. In FIGURE 10 a cam shaft 85 
carrying cams 86, 87, 88, 89 drives push rods 90, 91, 92 
93 which drive levers 94, 95, 96, 97 pivoted about’a varia- 
ble stroke pivot 98 passing through slots 99 and which 45 
levers, connected at their further ends, drive further push 
rods 100, 101, 102, 103 and which further push rods each 
drives its own plunger such as 104 in its own blow-suck 
cylinder 105, partially filled with non-corrosive gas 106 
and leading via conduit 107 to the passage in question con- 50 
trolled to create the necessary pumping pulsations there- 
in. The push rods 90, 91 92, 93 after being forced away 
from the cams by their action are later returned to their 
original positions by the action of the return springs 108 
so that each push rod lever, further push rod and plunger 55 
oscillates causirg oscillations in the passages of the pump. 

The phasing ot the oscillations in the various passages is 
governed by the relative settings of the cams 86, 87, 83, 

89 and these arc made such that the required phasing of 
the pulsations in the passages of the pump are obtained. 60 
The amplitude of the pulsations in all four pump pas- 
sages may be suitably increased by raising, or decreased 
by lowering, the variable stroke p : vot 98 in the slots 99. 

The camshaft may suitably be driven by an electric mo- 
tor 109 through a variable speed gearbox 110 and a re- 05 
duction gearbox 111. 

The drive means of FIGURES 9 and 11 could also 
be used with the embodiments shown in FIGURES 4, 5, 6 
by connecting the pump passages of the latter to the 
cylinders 82 and allowing these passages and connecting ‘ 
means to be filled with the liquid being pumped. Alterna- 
tively the drive means of FIGURES 9 and 11 could be 
modified for this purpose by omitting the cylinders 8.1 end 
connecting the pipes 77 each to the corresponding pump 75 


passage for the transmission of the gas pressure variations 
thereto. 

Similarly the drive means of FIGURE 10, which is 

Bir'iiDcoTl* 1 used with thc embodiments shown in 
rnjUKhb 1, 2, 3 and 12 by connecting the pipes 107 to 
a vertical cylinder, similar to 82 in FIGURE 11, v'hich is 
partially filled with liquid and connected to the pump 
passages through liquid-filled pipes, as in the FIGURE 1 1 
arrangement. 


The mechanical drive means of FIGURE 10 could be 
coupled hydraulically to a hot liquid pump through a 
series of immiscible non-reactive liquids, with appropriate 
graded melting and boiling points, across which the tem- 
perature is progressively lowered to a value suitable for 
a solid moving piston. 


For pumping liquids two other possible means of driv- 
ing pumps similar to those shown in and described with 
reference to any one of FIGURES 4, 5, 6, 12 may be 
employed. Both of these involve the modification that the 
upper ends of the various passages be closed and in- 
corporate the provision of injectors and/or valves in the 
upper parts of the passages. Both of them too, in opera- 
tion, utilize thermal expansion of a gas or vapour in the 
upper parts of the passages to provide the driving torces 
on the liquid interfaces in the passages during blow 
strokes, so that the closed ends of the passages in effect 
provide chambers of the nature of internal combustion 
chambers or thermal expansion chambers, in which the 
pump liquid in the passage acts in effect as a piston, both 
operating on 2-stroke cycles, for which the drive and ex- 
haust stages will hereafter be referred to as the blow and 
suck strokes. 


Thus one such means, applicable to the pumping of both 
hot and cold liquids, employs the provision of a fuel in- 
jector and inlet and exhaust valves at the top of each 
passage. In operation, immediately prior to a blow stroke 
in each passage, when the liquid interface is at its highest 
level in the passage the inlet valve is opened and a burst 
of compressed air is blown in. Immediately following this 
combustible liquid fuel such as paraffin is injected as a 
spray, the inlet valve is closed and the fuel-air mixture is 
ignited and expands, either by spark ignition from a spark- 
ing plug provided near the top of the passage and arranged 
to spark at that moment or, in the case of a high-tem- 
perature liquid being pumped, by ignition at the high-tem- 
perature liquid interface. This expansion by combustion 
forces the liquid interface down the passage, thus pro- 
viding the blow stroke. At the termination of the blow 
stroke the exhaust valve is opened to an external region 
maimatned at some suitable pressure less than that pre- 
vailing in thc liquid in the central channel whereupon thc 
nigh pressure prevailing in the central channel forces the 
hquid interface upwards, almost to the top of the passage. 
This constitutes the suck stroke and almost empties the 
passage of burnt gases. The exhaust valve is then closed 
thus checking the rise and completing the suck stroke. This 
procedure is then repeated continuously in each passage, 
the required phasing of the pulsations in the passages bel 
ing obtained by a suitable time sequence of operation of 
* T-k a * VCS and air/ * ue l injection stages for the passages. 

The other drive means aforesaid is applicable only to 
the pumping of hot liquids, such for example as molten 
seed-slag mixture at over 1000“ C. in M.H.D. generator 
plant or such as molten metal and employs the provision 
of an exhaust valve at thc top of each passage and an in- 
jector for a non-combustible vapourisable drive liquid 
(e.g., water) let into the side of the passage. In operation, 
immediately prior to a blow stroke in each passa >e, when 
the pump liquid interface is at its highest level in the 
passage, with the exhaust valve closed and with the level 
of the interface of the hot pump liquid in the passage 
above the injector, a quantity of drive liquid is injected 
from the injector into the hot pump liquid. The injected 
drive liquid is almost immediately turned into bubbles 
of pressurised vapour. These rise rapidly through the hot 
pump liquid to the top of the passage, continuing to beat 



up and expanding in transit and an expansion takes place 
which forces the pump liquid interface down the passage, 
thus providing the blow stroke. When the pump liquid in- 
terface is at its lowermost desired level in the passage the 
blow stroke is terminated by opening the exhaust valve 
at the top of the passage to an external region maintained 
at some suitable pressure less than that pevailing in the 
pump liquid in the central channel. The high pressure 
prevailing in the hot pump liquid in the central channel 
then forces the hot pump liquid interface in the passage 
upwards almost to the top of the passage and clears the 
passage of spent drive vapour. The exhaust valve is then 
caused to dose to check this rise and to complete the 
suck stroke. This procedure is then continuously repeated 
in each passage during the operation of the pump with 
suitable phasing of the strokes in the different passages. 

In either of the two last described forms of driving 
means, in the phasing of the blow strokes in the various 
passages relative to one another various degrees of cou- 
pling between blow and suck strokes in different passages 
may be made in accordance with the patterns of liquid 
flows developed. Thus the blow stroke in one passage 
may be arranged to help the suck stroke in another and 
so that when 180* of cycle have elapsed the help may 
be reversed. This may result in faster suck strokes in 
each passage and a faster rate of pumping of the liquid 
along the central channel than would otherwise be ob- 
tained. 

The pumps shown in FIGURES 1, 2, 3 and 12 may be 
used for pumping gases as well as liquids; thus corrosive 
gas could be pumped by means of a liquid/gas piston in 
reverse. For example, for each pump passage a mechani- 
cal piston such as 105 may be arranged to drive a liquid 
into and out of the bottom of a cylinder similar to 82 to 
the top of which cylinder the pump passage is connected. 
Very hot (but non-corrosive) gases may alternatively be 
pumped by a direct connection from a drive cylinder pipe 
such as 107 to a pump passage such as 11 in such a way 
that there is a temperature gradient along the connecting 
pipe. 

It will be appreciated that any embodiment of the in- 
vention as described may contain any suitable number of 
pump passages similar to those illustrated, according to 
the pumping action required. 

We claim: 

1. A pum;i for fluid comprising a channel from which 
there project a plurality of passages spaced in succession 
along the length of the channel, the channel extending 
from a first region to a second region and the passages 
being connected to means entirely external of said chan- 
nel for effecting pulsations of fluid along the passages 
when, in use of the pump, the channel is filled with fluid 
which extends into the passages, said pulsations being 
effected by the exertion of fluid pressure upon said fluid 
which extends into said passages, said means being ar- 
ranged to so phase the pulsations between the various 
passages, and the passage inlets being so directed along 
the length of the channel, as to induce a net forward flow 
of fluid along the channel from said first to said second 
region when these regions are respectively at low and 
high pressures. 

2. A pump according to claim 1, wherein the pulsa- 
tions of fluid along the passages are produced by pressure 
variations in a gas linkage driven by external drive neans. 

3. A pump according to claim 1, wherein 'lu pulsa- 
tions of fluid along the passages are produced by pulsa- 
tions of a liquid in a liquid linkage driven by external 
drive means. 

4 . A pump according to claim 1, wherein the pass: ges 
and their entries into the channel are so oriented and 
shaped relative to the shape and direction of the channel 
that there is a net forward flow of fluid induced along 
the channel during both the suck and the blow strokes of 
the pulsations in any passage. 

9. A pump according to claim 1, wherein the channel 


is of approximately cylindrical shape and the passages 
are in the form of tubes extending from the walls of the 
channel and inclined backwards with respect to the direc- 
tion of flow of the fluid along the channel. 

6 6. A pump according to clam 1, wherein the channel 

is of the form of a series of venturi parts and the passages 
extend as tubes through the falls lo the center of the chan- 
nel and within the channel are bent in such a way that 
their nozzles point along the axis of the channel in the 
10 desired direction of flow of fluid along the channel. 

7. A pump according to claim 6 for pumping liquids 
dow'nwards, wherein the said channel is vertical, each 
venturi wall in the diverging portion of its venturi di- 
verges at a small angle to the axis of the channel and 

15 wherein a pair of passage tubes, each tube being cylin- 
drical in its upper part but being tapered towards its 
nozzle at a small angle to its own axis, projects, each tube 
from opposite sides, through the walls of the channel 
into the region adjacent to and upstream of each of the 
20 venturi restrictions, and which pump is arranged to be 
operated with the pulsations in the passage tubes on one 
side of the channel approximately in phase with one an- 
other and approximately 180* out of phase with the pulsa- 
tions in the passage tubes on the opposite side of the chan- 
25 nel, the pressure responsive medium-liquid interfaces in 
each passage tube being arranged to oscillate substantially 
within the wholly cylindrical portion of it 

8. A pump according to claim 1, wherein the channel 
is vertical and each passage of said channel is approx- 

30 imately funnel-shaped, the aperture of each passage where 
it joins the channel extending round the circumference of 
the channel. 

9. A pump according to claim 8 for pumping liquids 
downwards, wherein the passage funnels point down- 

33 wards and the surfaces of each funnel passage are ridged 
internally in spirals about the axis of the central channel 
in such manner as to cause the liquid in each passage 
on a blow stroke to swirl into a vortex motion within 
40 ll ? e P assa 8 e > and thereby upon ejection into the channel by 
virtue of the centrifugal force acquired, to be flung out- 
wards and down the channel rather than upwards. 

10. A pump according to claim 8 for pumping liquids 
upwards, wherein each of said passages has approximately 
the shape of an upwardly pointing funnel bent back up- 

45 wardiy upon itself to provide a bend at the bottom com- 
municating between downward and upward funnel pas- 
sage portions and wherein said drive means is adapted to 
effect pulsations in which the pressure responsive medium- 
fluid interfaces oscillate wholly within the downward 
50 portions of the passages so that no pressure responsive 
medium is blown out into the central channel and so lost 

11. A pump according to claim 10, wherein the surfaces 
of each funnel passage are ridged internally in spirals 
about the axis of the central channel in such manner as 

OS to cause the liquid in each passage on a blow stroke to 
swirl into a vortex motion within the passage, and there- 
by upon ejection into the channel to be flung outwards 
and up the channel rather than downwards. 

12. A pump according to claim 9, wherein said spirals 
*0 in each funnel passage are in the opposite clockwise sense 

to those in the passages immediately above and below it, 
thereby promoting by angular momentum coupling more 
efficient transfer of liquid out of any one passage upon 
a blow stroke and into the next in the desired direction 
45 of pumping. 

13. A pump according to claim 8 for pumping liquids, 
wherein the axis of each passage portion adjacent to the 
central channel is inclined acutely to the axis of the cen- 
tral channel in the direction of pumping and the edge 

70 of the nozzle therebetween these two directions is sharp 
so that on a suck stroke the non-reciprocity of flow of a 
liquid forced around a sharp bend is utilized, liquid drawn 
into any passage being effectively lodge there until 
blown-out upon the coming of the next blow stroke. 

75 14. A pump according to claim 1 adapted for the pump- 
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3,374,743 


11 

ing of hot molten slag-seed mixture in a combined heat 
exchanger and seed recoverer of M.H.D. generator plant 
and wherein the material of the walls of the channel and 
the passages is a suitable refractory substantially inert to 
the liquid being pumped. 

15. A pump according to claim 1 designed for pumping 
liquids and in which the ends of the passages are closed, 
provided with inlet and exhaust valves or injectors, and 
associated with means for introducing drive fuel or va- 
pourisable liquid so that the ends of the passages provide 
internal combustion chambers or thermal expansion 
chambers in which the pump liquid acts in effect as a 
piston arranged to be driven by the ignition of said fuel 
or expansion of said vapourisable liquid. 

16. A pump according to claim 11, wherein said spirals 
in each funnel passage are in the opposite clockwise sense 


12 

to those in the passages immediately above and below it, 
thereby promoting by angular momentum coupling more 
efficient transfer of liquid out of any one passage upon 
a blow stroke and into the next in the desired direction 
g of pumping. 
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Steam-ships 
make a come-back 

A new marine engine based on a toy 
that was popular 20 years ago is nndcr 
development in the United States. The 
new engine is driven by steam and 
although its efficiency is similar to con- 
ventional steam engines, it has virtually 
no moving parts, is simple to construct, 
and poses far less problems of siting, par- 
ticularly in small boats. 


this arrangement Payne has reached a 
spped of 0-3 m/s (less than one mile/hr) 
in a 4-5 m aluminium rowboat, carrying 
a payload of 250 kg. Hardly world-shak- 
ing — but promising. 


Steonr, Bcler 



The toy ship on which the new engine 
is based is shown in the diagram. The 
boiler is filled with water which is 
heated to generate steam that forces 
water trapped in the pipe toward the 
stern. Once the water has evaporated 
from the boiler, negligible heat is trans- 
ferred to the steam v.,.'.er interface, and 
residual steam in the pipe condenses, 
causing the pressure to drop: as a result 
water is drawn into the boiler, thus pre- 
paring it for the ne\t c>de in which use- 
ful work is done. 

In the toy. the pulse rate (that is. 
water in to water out i is a few c\cles 
a second. The o-rill.ipun o! the s>stem 
produces a jut propulsive force because 
tie i emu I. -'.g stroke has negligible 
tktrui*". 

A+tlw'tpis were made some years ago 
.to scale up the system but little progress 
was made because proper operation de- 
pends critically on the si?e of the 
various components. According to Peter 
Payne, of Payne Inc. in the US. which 
is now developing various forms of the 
engine for practical use. this failure was 
due to the fact that experimenters 
couldn't make a large unit work as a 
result of instability at the steam water 
interface. Beyond a certain diameter of 
pipe, the water wall doesn't remain 
“solid” under the action of the steam 
jet. but falls to the lower portion only of 
the tube, allowing steam to escape, along 
the upper portion, without much force 
for propulsive power. 

To overcome this problem. Payne says 
that the jet action of the steam must be 
so fast as to prevent the watcr'stcam 
interface from collapsing. He does this 
by making the boiler walls very thick, 
so that they absorb most of the energy 
from the heat source (a propane burner) 
when the boiler is empty. On the non- 
working stroke when cold water flows 
into the boiler it is suddenly heated, 
exploding into steam giving the neces- 
sary rate of discharge. 

Another modification Payne has made 
is to split the inlet and outlet functions 
between two pipes. The inlet pipe points 
forward and has a non return-valve in 
it, admitting water only after the work- 
in* stroke has been completed. With 


New Scientist. 


October 10, 1974. 
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The most serious obstacle to the successful development of 
nonsteady-ilow thrust augmeiilers hes in the critical depen- 
dence of most of these devices on the accurate timing of mov- 
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The exit valve (shown dotted) is helpful in visualising the cycle, but unneressary in practi 
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TECHNICAL MEMORANDUM 78213 


PRELIMINARY CHARACTERIZATION OF A 
ONE-AXIS ACOUSTIC SYSTEM 

INTRODUCTION 


Many useful materials are adversely affected by contamination resulting 
trom contact with container walls during their manufacturing. The microgravity 
environment that is available in an orbital facility such as Shuttle /Spacelab 
allows for the positioning of material away from container walls in a relatively 
simple fashion. One can then process materials in space and avoid many of the 
problems that limit operations on the ground. Active positioning of the material 
within the orbiting facility would be required to prevent it from drifting into 
contact with the walls and to maintain its position relative to any heat sources. 
Several positioning systems are being developed for use in the microgravity 
environment. These systems are based upon terrestrial levitation devices and 
for the present can be grouped into two categories: electromagnetic (EM) posi- 
tioning systems [1] and acoustic positioning systems [2,3,4], 

To completely characterize the material processed in space, the opera- 
tion of the positioning system and its influence on material properties (e.g. , 
influence of stirring) have to be fully understood. In addition, the capabilities 
of terrestrial levitation devices have to be documented so that the rationale for 
conducting containerless experiments in space can be firmly established. 

Because of the wide usage of EM systems, their limitations appear to be well 
known, with the most severe being the extreme difficulty in separately controlling 
the heating of the specimen and the levitation force [5] . Acoustic systems have 
been used only in a limited fashion to process /manufacture materials on Earth, 
and little is known of their capabilities. 


Various terrestrial levitation and microgravity positioning systems are 
being characterized at NASA’s Marshall Space Flight Center. This report 
presents some of the initial results characterizing a one-axis acoustic resonance 
system. This system was chosen in part because it is the basis of an acoustic 
positioning /furnace facility which has stably positioned specimens at elevated 
temperatures 1600* C) during short-duration (10 sec) microgravity KC-135 
parabolic flight trajectories. In addition, control and understanding of the 
acoustic fields and acoustic-generated forces are simplified by having only one 
sound source. 
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THEORY 


The forces acting on a small body (i.e. , kR « i where k is the wave 

authors ^ radius) in an acoustic field have been derived by several 

.... / ’ 1* By time ave raging the pressure over the surface, the acoustic 

ra lation force on the body in a plane stationary wave was found to be 


F - 47rEkR 3 sin(2kx) F(p, p c, c ) 

O o' 


( 1 ) 


where E = average acoustic energy density, Pq = body density, p = density of 

medium, C q = sound speed in body, c = sound speed in air, and F(p, p c, c ) 

5/6 for a solid body in air to levitate a body in a stationary plane wave°against 
the gravitational force 



where g is the gravitational acceleration, 
rearranged to yield 


The preceding equation can be 


Ek . . , x 2 
^s 1 n(2 k x) > - 


Seeking the position in the field where the maximum levitation occurs, we have 


k E > 0.4 g 


, . , U ‘ s "f lnterest <° calculate the acoustic field necessary to levitate a be 
to help establish the parameters of the one-axis system (e.g., intensity of the 
sound source). We are interested in studying the fields and forces along the 
axis because previous results indicated that stable levitation nodes could be 


uuuy 
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found on the axis [4]. The acoustic fields along the axis of the one-axis 
resonance device should be approximated by a stationary plane wave and, 

therefore, the preceding derivations should be applicable. 


Many materials investigations desire relatively large samples (-1cm 
dimensions) to be able to measure bulk properties. Therefore, the wave number 
k of the system should be - 3 cm' 1 . (At diameters > A/2, the body begins to 
over ap successive levitation nodes in the standing wave pattern, resulting in a 
re uc ion in^ orces on the body. ) Assuming a characteristic body density of 
- gm cm , E is determined to be -100 J/m\ In air at STP, this would 
esuit in the acoustic field having an intensity of - 165 dB. Higher intensity is 
needed at the higher temperatures to compensate for the increase in sound 
speed. Even with the amplification system inherent with a system at resonance, 
a high-intensity sound source is required. The system discussed in this report 
is a St. Clair generator which can produce a high -intensity field in a gas [9] and 
can be easily used in a furnace configuration. 


acoustlc standing wave pattern in an open one-axis system should be 
iffeient from that expected in an enclosure because of the leakage of energy 
from the sides. To model the fields (and hence the forces) expected in these 
unique systems, the pressure wave generated by the driver was assumed to be 
reflected from the reflector 'driver several times. The contributions to the 
pressure at a field point (between the driver and reflector) due to successive 
reflections were approximated by images of the driver at successively greater 
distances. This is depicted in Figure 1, where Huygens principle of superposi- 
tion is used to calculate the total pressure at a field point, 7 ; i.e. , 


ik • (r - r’) 

= Pressure total ( r ) a f 

T v ' J 1 7 - T | ar 

surface of driver 


10 ik-(r-r’) 

+ V fS 


1 = 1 


r - r ' | 


dr ’ 

l 


surface of images i 


where r , r. are points on the surface of the driver and its images. For the 

problem of interest the number of reflections was limited to 10. This number of 

reflections appeared to approximate the completely calculated pressure to within 
a 15 percent. ' ' 
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POSITION OF REFLECTOR 



P " PRESSURE AT FIELD POINT ~ P (DRIVER) + I P (IMAGE i) 

Figure 1. Conceptual schematic depicting the method of calculating the 
pressure on the axis between the driver and reflector. (The initial 
pressure pulse produced by the driver is assured to bounce 
etween the reflector/driver several times. The effect 
of the bounces is approximated by a series of driver 
images on either side of the field point. Seven 
images and the driver were used to 
calculate the pressure.) 


APPARATUS 


r f . The on f e " axis acetic system consists of a sound source and a plane 
eflecting surface, as shown in Figure 2. The sound source is a St. Clair 
generator, which consists of a solid aluminum cylinder supported at its mid- 

h le diaphra « m and driv *n at the resonance frequency 

f the alrnninum bar by electromagnetic coupling [10]. This particular device 

upplied by Intersomcs, Incorporated, 1 has a resonance frequency of ~15 kHz ’ 
resulting in a 2. 4-cm wavelength in air. ’ 

Piston face^Thet 6 T l ° SUSPGnd thG refleCt ° r above and Parallel to the 
• he driver -reflector separation was easily adjustable- the driver 

“r iameterS ^ " 3 ' 5 Cm - A Smal > suspended along th^ 

Xis of the acoustic field on a thin wire extending through a small hole in the 

r and up the tube to the arm of a Cahn balance. 2 This balance operates 
1. Intersomcs, Inc., 490 E. Ohio, Chicago, Illinois 60611. 

2 ' ^instrument Company, 7500 Jefferson Street, Paramount, California 
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°WGI\ t AL 
OF pn ' 


IS 


ACOUSTIC LEVITATION 


CATHETOMETER 



Figure 2. Schematic of the one-axis acoustic system and 
measuring instrumentation. 

on the null-balance principle. Deflection of the balance beam resulting from 
force changes is opposed by a dc torque motor which quickly restores the beam 
to its original balance position. Thus, the force is always measured at the 
desired point in the device. 

The acoustic field was measured using a 0.64-cm (0. 25-in.) diameter 
Bruel and Kjaer condenser microphone and readout. The vertical positions of 
the vibrator, reflector, and bead were measured with a cathetometer . 
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RESULTS AND DISCUSSION 


Figure 3 is an example of the forces measured on a body positioned on 
the axis of the system. The body was a sphere 0. 8 cm in diameter, and the 
radiated sound intensity of the driver with the reflector removed was -0. 1 W/cm 2 . 
Figure 3 shows two examples of forces on the body; in one example the system 
was at resonance (i.e. , driver/reflector separation = 5.0 cm), and in the other 
the separation was increased by 0. 2 cm to 5. 2 cm. The levitation force is 
proportional to the pressure gradient across the body. As the pressures 
generated by the vibrator are amplified the most with the system at resonance, 
the maximum levitation force on a body should occur with the system at 
resonance. The influence of the resonance mode of operation on the levitation 
force is clearly indicated in Figure 3. The maximum forces at resonance are 
~ 4 tirn es greater than when the separation is increased 0. 2 cm. 

Data similar to those of Figure 3 were taken for several body sizes and 
geometries; all other conditions were identical for the system at resonance. 

Figure 4 shows the forces on these bodies at the position of maximum levitation 
force (i.e., ~1.6 cm). The force is plotted versus body volume with the 
geometry of the bodies indicated in the figure. These data show that for a 
range of shapes and sizes the levitation force is roughly proportional to body 
volume. This relationship holds until the characteristic body diameter reaches 
- ( 1/4 - 1/2) X. 

At diameters >\/2, the body would begin to overlap successive levitation 
nodes, resulting in a reduction of the forces on the body. This can be seen in 
Figure 4, where the force on the 1.2-cm diameter sphere is significantly less 
than could.be expected based on the data for the smaller bodies. The force on a 
highly irregular body depends to some extent on its orientation in the acoustic 
pressure field. Figure 4 shows the forces on a 0. 5 cm diameter by 0. 12 cm 
thick disc. The lifting force on this disc when oriented with its axis perpendicu- 
lar to the driver face is twice that experienced when it is oriented with its axis 
parallel to the driver face. This is in agreement with previous results which 
indicated that a large levitation force could be obtained on a thin disc whose axis 
was perpendicular to the driver force [4], 

Based on the data of Figure 4, it appears that for bodies of interest to 
materials scientists (e.g. , spheres, right cylinders) the levitation force can be 
roughly calculated from the body volume. The dependence of this force on the 
body volume is in agreement with the derivation discussed in theory. 
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Figure 3. Forces measured on an 0. 8-cm diameter sphere along the axis 
versus distance from the driver. (At resonance the reflector 
- 5.0 cm from the driver; for nonresonance, the reflector was 
~ 5. 2 cm from the driver. ) 
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FORCE (DYNES) 


BODY VOLUME (cm 3 ) 


Figure 4. Axial force on body versus body volume. [The system is at 

resonance (reflector ~5 cm from driver) and the force was 
measured ~ 1.6 cm from driver. The body geometry is 
shown in the figure. The volume of spheres whose 
diameter (D) equals 1/4 and 1/2 X (x= 2.4 cm) is shown. 

The dotted line is hand drawn to show the ,r best fit" 
of the data for D < 1/2 X. 1 
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kR <-<• i U S F h .° Uld b . e "° ted ftat the theoretical expressions were derived for 

r under certain conditions> the 

the axis F f!rc e o nH 5 , h0WS T en 0f rms S0und P ressure5 (P) meas ured along 
he axis or conditions similar to that of Figure 3 (resonance). The pressure 

('O^Tx M^d* 0 th / e f T ,,1S 1 t ° n pressure measured ~l cm above the driver 

wave'” resol„r/ Cm ’ ' F" iS Similar 10 * "Plane 

force wtat for s, a N»T',i I, 00 " 15 ” 160 " ° f Flgures 3 “ d 5 shows «>»t He zero 
theorv tt f . ev ation oc curs at the pressure nodes as predicted by 

The'bod “ -“Lri 

£? ^ 

p“Jr 1 s ) ('‘'e e '' p Sln i ( oi 1 - 11 f d fr ° m 

Th!; w» dyn , e/cm and *= 2 ' 4 ™) . the force is calculated at 
j . / * ^ force was also calculated from the axial gradient of the acoustic 

radiation energy [i.e., F o d dx(p’ - pVv*)) , where V is the rms paTucte 
velocity. Assuming that V = -l/iu, P dp/dx, the force can be calculated! the 

^“orXrr 6 5(e ' g - d ^“ dp ---)- These calculatfons 

The assumption that a plane standing wave can describe the acoustic fields 
along the device should be considered only an approximation. The LcT^cu- 

w ite the gT en \ 0,6 acoustic radiation energy is in closer agreement 

with the measurement than the force calculated from equation (1) which te 

derived for a plane wave system. The relative discrepancies LLen tee 

calculated values of tee forces would indicate the limitations of using a plane 
wave approximation. ^ piane 

Figure 4 also shows a computer calculation of the rms pressures Dro- 
uced along the axis of the one-axis system. The pressure wave generated by 
the driver was assumed to reflect off tee reflector/driver several times and 

( Fte 1 ) Pr The P t heo S “ pe f' p0sition was used to calculate the pressure at a point 
t g. 1;. The theoretical pressures were normalized to the free driver 

pressure modeled at 1 cm on the axis above the face. There is general agree- 

ment between tee measured and modeled pressures shown in Fl^re Sowing 

me degree of confidence in using this approach to predict the acoustic fields 

dtemeter < r x C )°. ndlUOnS “ d atMgh tem P crata ' aa when tee piston 
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LIZED PRESSURE AMPLITUDE 9 ) 


MEASURED VALUII 
CALCULATED VALUES 



1 - DISTANCE FROM DRIVER - CM 


Figure 5. rms pressure along the axis of the device for the system at 
resonance (driver/reflector distance ~5 cm). [The experimental 
ata were normalized to the pressure produced by the free-standing 
driver 1 cm from its face ( ~ 0. 64 x 10 4 dyne/cm 2 ) . The 
calculated pressures were normalized independently to that 
of a free-standing driver theoretically modeled 
1 cm from its face. 1 
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In the future the computer code of the pressure will be expanded to 
completely describe the acoustic field in the device (i.e., the axial and radial 
variations). Also, the acoustic fields and forces will be experimentally mapped 
an compared with the modeled fields to better understand phenomena such as: 
^ shape ^ strength of the levitation points, (2) the influence of drivers 
and reflectors of different sizes, and (3) the limitation of such devices at high 
temperatures. 


SUMMARY 


The acoustic fields and acoustically generated forces were characterized 
in a one -axis resonance acoustic system consisting of a flat piston-type sound 
source and a planar reflector. These measurements were made as part of a 

program to determine the capabilities of various ground-based levitation 
systems. 


Measurements of the acoustic force were made on bodies of various sizes 
and geometries suspended from the arm of a sensitive electrobalance. The force 
was determined to be roughly proportional to body volume until the characteristic 
body diameter reached ~ (1/4 - 1/2) A . This indicated that the body density is an 
important parameter in determining whether a material can be processed in an 
acoustic levitator on the ground. 


A simple one -dimensional model of the acoustic field (based on Huygens 
principle and taking into account multiple reflections between the driver and 
reflector)- was used to calculate the pressure pattern on the axis of the device. 
These axial pressure variations were also measured and found to be in agree- 
ment with the theoretically modeled values of pressure variation. 

One of the objectives of the present program is to determine the capabili- 
ties of terrestrial acoustic processing systems, and future work will investigate 
(theoretically and experimentally) the acoustic fields and forces on and off axis 
to characterize a one-axis device. This effort will also involve studying the 
operation of a one-axis system in an enclosed furnace at elevated temperatures 
as well as analyzing these devices at room temperature. 
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INTRODUCTION 


,A sample of ga 1 1 ia/cal cia/s i 1 i ca glass was lost from the levita- 
tion "well" of the single-axis acoustic system in the SPAR VI sounding 
rocket flight [1J. Observation of the flight film indicated that an 
instability may have developed in the levitation well. It has been 
hypothesized that the acoustic field may have induced a radial resonant 
condition sufficient to disrupt the levitation well when the processing 
chamber reached certain temperatures. A partial simulation of this 
phenomenon was performed by varying the dimensions of a processing 
chamber at room temperature in order to simulate the temperature vari- 
ation effect on the wavelength of sound in the processing medium At 
certain wall separations a resonance condition was established and the 
effect on the levitation well noted. 


APPARATUS 


The experimental apparatus is shown schemati cal ly in Figure 1 
A St. Clair sound generator with a stepped driver of 3.5 cm head diameter 
is used as the acoustic source. A levitation node is formed by inter- 
fering the sound field with a 2.0 cm? reflector. Measurements 
taken with B&K sound pressure equipment included axial sound pressure 
istributions between driver and reflector for resonance and anti- 
resonance conditions as shown in Figure 2 (a,b). The sound pressure 
was measured radially from the common levitation node to the wall of 
the processing chamber. The walls were positioned at three different 
separations corresponding to possible resonance conditions of 3, 4 and 
5 times the wavelength of the axial sound pressure distribution’^ ’= 

1.256 cm) as shown in Figures 3 (a,b,c) and 4 (a,b,c). The dimensions 
include the actual dimensions of the SPAR VI processing chamber 
(10.8 cm ■ 10 8 cm * 11.4 cm) [2], Also, any fluctuations of the sound 
pressure level in the levitation node resulting in instabilities in a 
sample being levitated were noted as the wall separation of the process- 
ing chamber was constantly varied. 


AXIAL SOUND FIELD 


In the resonance condition the levitation node is one quarter of 
a wavelength below the reflector. This is verified by the data in 
Figure 2a. If the reflector is moved by one quarter of a wavelength to 
the antiresonance condition, the worst case of a typical off-resonance 
condition, the levitation node is also located one quarter of a wavelength 
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A RELATIVE SOUND LEVEL VERSUS RADIAL DISTANCE FOR A WALL 
SEPARATION OF 5XlN THE ANTIRESONANCE CASE 



RADIAL DISTANCE FROM CENTERLINE OF DRIVER ~CM 


B RELATIVE SOUND LEVEL VERSUS RADIAL DISTANCE FOR A WALL 
SEPARATION OF 4 A IN THE ANTIRESONANCE CASE 



C RELATIVE SOUND LEVEL VERSUS RADIAL DISTANCE FOR A WALL 
SEPARATION OF 3 A IN THE ANTIRESONANCE CASE 

Figure 3. Relative sound level versus radial 
distance in anti resonance case. 
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KSELY; PIOISSR OF GRAVITY CONTROL 

1 J' ,ed .°-\ e hu "?»d years too soon. If he vere alive today he would be the 
foremost leader in tne field of acoustical levitation. NASA has or.ly now begun to 
realize the potential of acoustical levitation in minor utility roles. Working alone 
In a then totally uncharted science one hundred years ago, Keely is outstanding. 

He was working in the acoustical frequency range of what is genericallv called 
gravity control. What we call levitation or antigravity is really the control of 
gravity itself . There are many frequency ranges in the EM spectrum which have grav- 
ity control frequencies in them, but probably the easiest gravity control frequency 
range for the interested amateur to use (which is what Keely used) is the lowest 
major gravity standing wave section between ?.8 Hz and 60,000 Hz. At the low end of 
this first major gravity standing wave section is the audio frequency band in which 
Keely worked. The general frequencies that are gravity control in the audio frequency 
bandare 7.8 Hz, 73*5 Hz, 690 Hz, and 6,450 Hz. The ones at 7.8 Hz and 690 Hz are the 
strongest, with the ones at 73*3 Hz and 6,45 0 Hz usable with more power. Any good 
audio oscillator can generate the 690 Hz and 6,450 Hz sine-wave signals. Causing 
levitation is then only a matter of multiple speakers or transducers to radiate the 
signal proper ly arranged . The term "properly arranged" signal sources is a bit com- 
plex. Usually an arrangement of 6-8 or more signal sources (speakers, etc.) equidis- 
tant from the object to be levitated is required for gravity control. These multiple 
sources are equally spaced around the levitation object in 90 degree or 180 degree 
arrangements. The three critical factors are the signal feed -in angles, the ^gnalc; 
puasing, and the proper power levels. Now you can appreciate all the problems and 
failures that Keely faced in his day. How he ever got it to work at all is amazing! 
But then again, the Tibetans levitate large rocks with these audio frequency methods 
using only drums and trumpets. I would venture a guess that the Tibetans use 73.5 Hz 
and 690 Hz with those particular musical instruments. The musical score for the 
Tibetan levitation must sound very strange to achieve the proper phasing and power 
criteria. 

In summation, Keely was right about the prospects for levitation but regrettably 
he was one hundred years too early. A great deal of his work can be recovered if 
proper understanding of his peculiar vocabulary can be achieved. He was a pioneer 
of the first rank in real science. I am sure that in the years to cone he and.. his 
works will receive the honor that they so greatly deserve. 

Permission is given to anyone to publish all or any part of the above data. 


Note: I am enclosing a copy of the Tibetan sound levitation method. Please do not 

publish my address. I do not wish to answer questions from readers. 

Richard LeFors Clark, Ph.D. 
April 22, 1986 



A high-powered siren for stable acoustic levitation of dense 
materials in the Earth’s gravity 

Paul M. Gammel, a) ArvidP. Croonquist, and Taylor G. Wang 

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109 
(Received 18 April 1985; accepted for publication 28 October 1987) 

Levitation of large dense samples (e.g., 1-cm diameter steel balls) has been performed in a 1-g 
environment. A siren was used to study the effects of reflector geometry and variable- 
frequency operation in order to attain stable acoustic positioning. The harmonic content and 
spatial distribution of the acoustic field have been investigated. The best stability was obtained 
with an open reflector system, using a flat lower reflector and a slightly concave upper reflector 
while operating at a frequency slightly below resonance. 

PACS numbers: 43.25.Uv, 43.25.Vt 


INTRODUCTION 

Acoustic levitation is a potential tool for the container- 
less processing of materials. 1 Although great progress has 
been made with levitation and manipulation of samples in a 
microgravity environment and with levitation of low-den- 
sity samples in the Earth’s gravity, 2,3 levitation of large dense 
samples in the Earth’s gravity still poses severe challenges as 
it requires both high power levels and stability. 

Low-density objects (e.g., styrofoam) have been levitat- 
ed against the Earth’s gravity in gaseous medium. 2,3 The 
acoustic power was delivered to resonant chambers by con- 
ventional electroacoustic transducers (loudspeaker coils 
and piezoelectric devices). Although they provided good 
control of the acoustic signals, the power levels were limited 
to 140-150 dB, which was not adequate to levitate more 
dense objects (e.g., steel). 

Recently, Lee and Feng 4 demonstrated the stable levita- 
tion of high-density submillimeter objects against the 
Earth’s gravity using a focusing radiator. By concentrating 
the energy from 130 individual lead zirconate-titanate 
(PZT) transducers, they were able to achieve sound levels of 
172 dB. 

St. Clair 5 produced high intensities for the acoustic levi- 
tation of heavy objects by using a resonant cylinder. This 
device made use of the high-0 ( ~ 16 000) resonance of an 
aluminum cylinder and a movable reflector. Since it operat- 
ed at a single frequency, the position of the reflector was 
adjusted to compensate for changes in the acoustic reso- 
nance due to temperature, humidity, and sample size. 

An acoustic siren has the singular advantage of being 
able to produce a high-intensity acoustic field over a wide 
range of frequencies. Allen and Rudnick 6 demonstrated the 
levitation of high-density objects of a few centimeters in size 
by using a high-powered siren. A properly designed siren can 
produce extremely high intensities, with an efficiency of over 
50%. 7 The siren is particularly efficient when its high acous- 
tical impedance is matched to the impedance of the air by an 
exponential horn. 6,7 


a> Present address: materials Evaluation Branch, Naval Surface Weapons 
Center, Silver Spring, MD 20903-5000. 


Allen and Rudnick 6 reported that their system required 
constant siren frequency adjustments to levitate an object. 
Even with the careful adjustment of the siren frequency, fre- 
quently large oscillations of the sample developed for no ap- 
parent reason, and the object was eventually ejected from the 
field. 

Containerless processing requires levitating objects for 
long periods of time without close operator attention. The 
goal of this study was to identify the causes of the instability 
and to remove those causes so that the siren could become a 
dependable acoustic levitation facility for the containerless 
processing of high-density objects larger than 1 mm in the 
Earth’s gravity. 

I. THE SIREN SYSTEM 

A siren produces sound by periodically interrupting an 
otherwise steady flow of compressed air. The siren and levi- 
tation system used in these studies are shown in Fig. 1. The 
siren is similar to the one used by Allen and Rudnick. 6 The 
rotor and stator each have 100 holes of 2.54-mm diameter on 
a 76.4-mm radius, and the rotor is driven by a 1. 12-kW (1.5- 
hp) variable-speed motor. The acoustic frequency is deter- 
mined by the speed of the motor, which must be accurately 
controlled. The acoustic impedance of the siren is matched 
to that of the air by a tapered horn section designed to ap- 
proximate the exponential horn of Allen and Rudnick. 7 

In its conventional implementation, the siren is a ring 
source which, when used with its axis of rotation vertical, 
gives a spatial pressure distribution that can be used to levi- 
tate objects. However, the high harmonic content of the 
acoustic pressure waveform excites multiple modes in the 
resonant reflector system, producing conflicting force distri- 
butions. 

The temperature and humidity of the air were stabilized 
but not regulated. A servo system was incorporated to keep 
the voltage to the motor constant. This produced adequate 
stability of the motor speed to levitate the sample for hours. 
For prudence, the operator would periodically adjust the 
operating frequency based upon behavior of the sample. 

For safety and noise reduction, the siren levitation sys- 
tem was enclosed in a sound attenuating enclosure fitted 
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FIG. 1. Cross section of siren, motor, and reflector system showing direc- 
tion of the air flow. 


with a glass observation window. Even with the acoustic 
insulation, the sound levels were about 75 dB at 1 meter from 
the observation window. 

The sample is positioned in the acoustic field by radi- 
ation pressure alone. This requires that standing waves be 
present which, in turn, necessitates some sort of reflector 
system. If the density of the sample is much greater than that 
of the medium, the radiation pressure is described by the 
Bernoulli equation: 2,8-10 

(P) = (P/2 pc 2 ) -\p(V 2 ) 

where (P ) is the radiation pressure, p is the excess acoustic 
pressure, V is the gas particle velocity, p is the density of the 
gas, c is the velocity of sound in the gas, and a bar over a 
quantity denotes a time average. 

A levitated sample will be driven towards a velocity an- 
tinode, where p 2 and the ambient pressure are at a minimum. 
On Earth, a balance is achieved between the weight of the 
sample and the acoustic force due to the radiation pressure. 
Since the pressure gradient and the force are zero at the re- 
flector surface, the sample must initially be supported away 
from the surface, as by the mesh shown in Fig. 1. 

II. MEASUREMENT TECHNIQUES 

All sound-pressure measurements were made with 6.3- 
mm diameter Kistler 6001 quartz pressure transducers and a 


charge amplifier. The voltage from this amplifier was mea- 
sured by a digital voltmeter and converted to decibels. The 
resolution of the sound-pressure level (SPL) measurements 
was ± 1 dB, relative to 2.0X 10 -4 dyne cm -2 . The noise 
level of the microphone and amplifier is 130 dB. 

The choice of a microphone location that avoids per- 
turbing the field appreciably is important. A transducer that 
was flush with the lower reflector was used for frequency 
measurements. For sound field mapping, the transducer was 
mounted on a 6.3-mm rod so the transducer and rod had the 
acoustic profile of a single rod. 


III. EXPERIMENTAL OBSERVATIONS 

Experiments included modifying the geometry of the 
reflector system, observing the effect of these changes on the 
position and stability of the sample, and measuring the 
sound field in order to better understand the factors affecting 
the quality of the levitation. 

A. Frequency response and pressure field of the siren 

The acoustical output of the siren, measured at the cen- 
ter of the flat reflector, with the upper reflector removed, 
was fairly constant over the frequency range of interest, 
varying only ± 2.2 dB from 2900 to 3600 Hz. The results are 
shown in Fig. 2. The acoustical pressure waveform displayed 
on an oscilloscope was seen to be amplitude modulated by 
10% at around 140 Hz. Resonances in the lengths of tubing 
used to cool the air from the compressor are suspected. 

The spatial distribution of the acoustical energy of the 
siren with only the matching horn is shown in Fig. 3. The 
siren was operated at 3260 Hz. The minima lie along a line 
that makes an angle of 0.68 rad (39°) with respect to the axis 


0® 0 Os © s 0 ®®0 0 ©©0 0&0S ©®® 00000@{ 
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FIG. 2. Acoustic output versus frequency of the siren without a reflector. 
The microphone is located within the lower reflector, which is mounted 
atop the impedance matching horn. 
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FIG. 3. Acoustic output versus horizontal position of the siren without re- 
flectors at various heights (O 25.4, □ 50.8, V 76.2, and A 101.6 ram) above 
the horn opening. The frequency is 3260 Hz. 

of the siren and intersects near the outlet of the horn (67.6 
mm above the siren holes) . Allen and Rudnick observed the 
minima at approximately 0.56 rad (32°) at a radial distance 
of 25 cm for a similar siren operated at 3250 Hz with an 
exponential horn. 6 The horn used here had a straight taper. 
The present data are consistent with a ring source of 128 
mm. The diameter of the lower reflector was 122 mm. 

When the siren was used for levitation, a reflector was 
needed both to produce the standing waves and to further 
increase the power. 

Two enclosed geometries, one cylindrical and one rect- 
angular, were tried. With both geometries, the sound from 
the siren was concentrated by a horn and then was intro- 
duced through a small port in the center of the bottom wall. 
Both of the enclosed geometries resulted in very poor stabil- 
ity of the sample position. 

Several open reflector geometries were tried: ( 1 ) two 
flat reflectors, (2) two concave reflectors, (3) a flat reflector 
on top and a concave reflector on the bottom, and (4) a 


concave reflector on the top and a flat reflector on the bot- 
tom. These geometries were investigated with various spac- 
ings between the reflectors and with several choices of the 
radii of curvature. The stability of the positioning was ob- 
served in the vicinity of the fundamental resonance frequen- 
cy. Generally, the most stable levitation was obtained while 
operating slightly below that frequency. The three geome- 
tries that gave the most stable results are shown in Fig. 4. Of 
these three geometries, the modified concave reflector gave 
the best stability and the flat plate the least. 

Experiments were conducted to determine the effects of 
the reflector spacing and geometry on the power and stabil- 
ity of the levitation. The lower reflector was 122 mm in diam- 
eter (0.725 of wavelength used). Several upper concave re- 
flectors were tried, with different radii of curvature and 
distances between reflectors, and the siren frequency was 
varied for each configuration to optimize the strength and 
stability of the levitation. A spacing of 66 mm between 122- 
mm diameter flat reflectors was found to give stable levita- 
tion. A good choice of dimensions for the concave reflectors 
was a small (59-mm chord) portion of a hemisphere of 38. 1- 
mm radius with a spacing of 56 mm between the outer edge 
of the upper concave reflector and the lower reflector. This 
56-mm spacing was also used on the modified concave re- 
flector system. These dimensions are in general agreement 
with the observation of Lee and Feng that the size of reflec- 
tors should be on the order of § of a wavelength. 4 

Other geometries produced poorer results in that the 
sample moved more erratically in the horizontal plane. A 
full hemisphere of 38.1 -mm radius gave excellent stability 
when levitating light samples, but could not lift a small steel 
ball. The small section of a hemisphere shown in Fig. 4(b) 
and ( c ) gave less stability for light samples but could levitate 
a single 19-mm diameter steel ball or three 12.7-mm diame- 
ter steel balls. 

B. Observations of sample levitation 

The system with a modified concave upper reflector 
[Fig. 4(c) ] provided the most stable levitation of steel and 
lucite balls (of 12.7-mm and 19.05-mm diameters, respec- 
tively). The tendency of objects to spin typically enhanced 
the positional stability of symmetric samples. In the acoustic 
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FIG. 4. Three of the more stable reflector geometries studied. 
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field of the siren-reflector system, the levitated object usual- 
ly spun about a vertical axis. With a slight change of frequen- 
cy or perturbation of the field (for example, introducing an- 
other object into the field), the spinning of the levitated 
object would often slow down, reverse direction, and speed 
up in the opposite direction. An irregularly shaped object, 
could be prevented from spinning by destroying the azi- 
muthal symmetry of the field. Generally, the samples were 
levitated more stably when the siren frequency was slightly 
below the resonance of the reflector system. 

Using the concave reflector geometry of Fig. 4(b) at a 
frequency below the resonance, the motion of the sample 
was usually very slight, being typically 4 mm horizontally 
and even less vertically. Increasing the frequency closer to 
resonance raised the sample but increased the motion. The 
most common motion observed in this and in other geome- 
tries was a downward facing arc. The maximum extent of the 
oscillatory motion was about 25 mm horizontally and 10 
mm vertically. Operation at or above the resonance resulted 
in immediate instability. Other motions, such as vertical 
hopping, have also been observed. 


TABLE I. Harmonic content of acoustic field, measured at lower reflector. 


Conditions 

Relative strength 
(dB below fundamental) 

2nd 3rd 4th 5th 

No upper reflector 

at levitation frequency* 

21 

18 

30 > 

• 37 

Flat reflector 
no sample 

at resonant frequency* 

24 

24 

29 

30 

(mike height: 15.2 mm) 

16 

28 

32 

35 

(mike height: 30.4 mm) 

6 

20 

24 

25 

at levitation frequency* 

30 

28 

25 

28 

sample at center 
at levitation frequency* 

32 

23 

26 

30 

sample 12.7 mm from center 
at levitation frequency* 

32 

24 

27 

30 

Modified concave upper reflector 
no sample 

at resonant frequency* 

4 

16 

18 

26 

at levitation frequency* 

18 

15 

40 

26 


* Measured at lower reflector. 


C. Measurements of the sound field 

Measurements made with each of the geometries of Fig. 
4 included: the frequency spectrum at the center of the lower 
reflector and the spatial dependence of the SPL and wave- 
forms in the levitation region. The effects of the presence of a 
sample and its position were also studied. 

For each of the configurations of Fig. 4, there was a 
single resonance peak between 2950 and 3575 Hz. The Q 
(defined by the 3-dB points) was 29 when the flat reflector 
was used and 54 for the concave reflector geometries. The 
SPL at resonance was 4 dB higher for Fig. 4(b), which is 
consistent with its greater levitating ability. The modifica- 
tion of the concave reflector changed the magnitude of the 
resonance peak by less than 0.5 dB and increased resonance 
frequency by less than 1%. 

The shift of the resonance frequency as a function of the 
vertical position of the sample can be predicted from volume 
exclusion and scattering effects. The dependence of the reso- 
nance on the sample position has recently been investigated 
for a rectangular geometry. 11,12 It was not clear how these 
results applied to the open system used here, so the reso- 
nance frequency shift was investigated experimentally. 

For the modified concave reflector, putting the sample 
in the center of the region in which it would levitate lowered 
the resonance by 20 Hz but did not affect its magnitude nor 
the Q appreciably. Moving the sample 13 mm to the side 
increased the resonance frequency by about 5 Hz over that at 
the center. 

The introduction of the restrained sample reduced the Q 
from 29 to 23 for the flat reflector geometry but did not affect 
the amplitude. It shifted the resonance down by 28 Hz. Mov- 
ing the restrained sample 25.4 mm horizontally from the 
center raised the resonant frequency by 20 Hz, while raising 
the Q from 23 to 27. 

For the concave upper reflector, the resonant frequency 
shifted by less than 5 Hz, and the amplitude changed less 
than 0.5 dB, while the Q did not change measurably. One 


reason the curved reflectors provide better stability is that 
their resonances are less sensitive to the sample position. 


D. Harmonic content 

Table I shows the harmonic content of the sound-pres- 
sure waves measured with and without reflectors. Data were 
obtained both for the empty system and with a restrained 
12.7-mm diameter steel ball at several locations. 

Without a reflector, an almost triangular waveform was 
observed near the levitation frequency. All of the harmonics 
were at least 1 8 dB below the fundamental, which contained 
more than 98% of the energy. 

Incorporating a reflector increased the level of the fun- 
damental. Lowering the frequency, from the resonance peak 
to the frequency used for levitation, decreased the strength 
of the second and third harmonics by 4 to 6 dB for a flat 
reflector and decreased the second harmonic measured at 
the lower reflector by 14 dB for the concave reflector. 

The theory of King 13 predicts the force will increase as 
the square of the pressure and inversely with the wavelength; 
therefore, the force due to the second harmonic ( 157 dB) is 
half of that due to the fundamental and it is opposite in direc- 
tion. Consequently, the presence of the second harmonic can 
be expected to seriously affect positional stability in this sys- 
tem. Operating away from the resonant frequency decreases 
the energy in the harmonics and permits stable levitation. 

Greater stability is also expected if the sample is kept 
away from the midplane, where the second harmonic pre- 
dominates. It has been repeatedly observed in other acoustic 
levitation systems that the most stable levitation occurs 
when the sample is levitated just above the plane of maxi- 
mum force, which is an eighth of a wavelength above the 
lower reflector. ' ' 


E. Mapping the sound field 

The general variation of the sound field intensity and the 
pressure waveforms at different locations using the concave 
reflector can be seen in Fig. 5. 
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Figure 6 compares the distribution of the sound pres- 
sure for the flat reflector geometry to that for the modified 
concave reflector near the height of stable levitation. In or- 
der to rule out the possibility that the flatness of the curve for 
the concave reflector at the 12.7-mm elevation was due to the 
sound field saturating near 175 dB, the experiment was re- 
peated, varying the pressure head of the air supply to the 
siren. The field plot retained its shape even when the siren 
output was reduced 1 3 dB by decreasing the pressure of the 
air supply from 5.2 to 2.1 X 10 4 N/nr. 

Data can be compared for these two geometries both 
near the plane of maximal force (i.e., 15.2 mm and 12.7 mm 
above the lower reflector for the flat and curved geometries, 
respectively) and near the plane of zero force ( 30.5 mm and 
31.8 mm). A free sample levitates most stably 25 mm above 
the lower reflector. It can be seen that the curved reflector 
geometry gives a stronger and generally more uniform field 
in the region. 

F. Effect of the sample and its position 

The resonant frequency of a system is different when 
there is a sample and when there is none; in addition, the 
sample position can change the frequency by several percent. 
Leung et al. have demonstrated the relationship between the 
position of an object in a resonant system and the resonant 
frequency. 12 Even a frequency change of a few percent is 
critical when the Q of a system is high and the amplification 
it provides is required — as in a 1-g levitation system. Figure 
7 shows the relation between sample position and the reso- 
nance frequency in a rectangular chamber; the data obtained 
by Leung corroborated this model. The analysis that they 
used for a closed system can be used to explain the enhanced 
stability obtained by operating the siren at a frequency below 
the empty-system resonance. 

When levitating a sample in the laboratory, the acoustic 
and gravitational force balance, and the resulting sample po- 
sition is slightly below halfway between the reflectors. As 


shown in Fig. 7, the change in the frequency of the resonance 
due to the sample location is negative. If the empty-system 
frequency was used with the sample there, it would be above 
the actual resonance. If the sample moved away from the 
center, the resonant frequency would increase, bringing it 
closer to the driving frequency, and the effective force would 
increase. 

Unfortunately, this increased force lags behind the 
changing sample position because of the delay time imposed 
by the Q of the system. This increased force contributes little 
to slowing the sample as it moves away from its equilibrium 
position, but does push the sample back towards and 



FIG. 6. Comparison of the acoustic fields produced by the flat reflectors and 
the modified concave upper reflector at various heights (O 1 5.2, □ 22.9 mm, 
for the former, and 12.7, andA 19.1 mm, for the latter) above the lower 
reflector. 
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SAMPLE POSITION 


FIG. 7. The effect of the position of an object in a resonant system upon the 
frequency of the resonance. Data for a 2.5-cm sphere in a rectangular three- 
axis levitator ( 15 X 13 X 13 cm) were consistent with this model.' 2 


through it with increasing force. The higher the Q of the 
system, the greater the lag and the greater the push back. 
The amplitude of the sample’s excursions increases as energy 
is fed back into the oscillation. In contrast, for a system oper- 
ated at a frequency that takes into account the presence of 
the sample, the force decreased when the sample moves 
away from the equilirium point. As it reaches its maximum 
excursion, the force decreases so the sample returns slowly, 
and the amplitude of the oscillations about the equilibrium 
point decreases. 

A sample experiences a deeper well as it moves from its 
equilibrium position and a more shallow one as it returns to 
it. Analytical models are being tested of the dynamics con- 
necting the sample position, the positioning frequency, and 
the resulting stability. 14 

G. Effects of heating the sample 

Although the modified concave reflector gave excellent 
stability and could levitate heavy samples at room tempera- 
ture, problems were encountered when localized heating was 
combined with levitation. Several attempts were made to 
heat the sample with a light source, by electrically heating 
the acoustic reflectors, and by supplying heat from a hot air 
jet that was an integral part of the lower reflector. In all 
cases, the acoustic field carried that heat away rapidly. Fur- 
thermore, the temperature gradients increased the stability 
problems. No reliable technique was found for heating a 
sample to high temperature ( >400°C) while levitating it 
with a siren. 

IV. CONCLUSIONS 

This study has demonstrated the feasibility of using a 
siren as the sound source for the stable acoustic levitation of 
high-density objects of centimeter size in the Earth’s gravita- 
tional field. 

The stability of levitated samples (centimeter-sized steel 
bearings and nonspherical glass shapes) was studied using 
various reflectors. The reflector was positioned above the 


siren. This amplified the acoustic radiation pressure to sup- 
port the object’s weight and to provide a small lateral center- 
ing force. Various geometries were used; the best results 
were obtained with a concave reflector. Its size and distance 
above the impedance-matching horn on top of the siren were 
roughly half of the wavelength at which the siren was operat- 
ed. 

The siren was operated at a frequency lower than the 
resonance of the chamber. Operating away from the empty- 
system resonance decreased the energy present in the higher 
harmonic — especially the second. Operating at a lowered 
frequency, the interaction between the sample’s position and 
the acoustic restoring force decreased the amplitude of oscil- 
lations and enhanced stability. 

Using the optimal reflector and adjusting the frequency, 
stable levitation was maintained for hours. 
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A Fifty Horsepower Siren 
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This p |xt c< >n( a i ii.s a description ot die iheoiy, con- 
-mirtion, and testing ol a siren with an acoustic output ol 
fifty hnrs-'puwcr, at an efficiency ol seventy percent. 1 he 
-.iren is i >! t lie I nidi i ional l ype in which t lie air stream Ironi 
i compressor (Kisses through an orifice which is opened 
and close I at an audiofrequency. I’art I contains a de- 
velopmete of the theory on which the design was based. 
The iheery is de\ r eloped with the 4 aid ol an equivalent 
circuit, diagram (Fig. 1 i in which the various acoustic 
impedances are represented as lumped circuit elements. 
The theory is for the most pari based on the customary 
linear equations for sound propagation, but the 4 nondineat 
nature of the impedance of the port is taken into account. 
Mere inspection ol the e 4 quivale 4 tit circuit iltagiam is 
sufficient for die understanding ol the considerations 
which are important lor the obtaining ol a high ethcience . 
According to this theory the best efficiency tan be realized 
in a siren when the online is provided with a suitable 
acoustic horn, when die excess pressure ol the air supplied 
by the compressor e small compared with the absolute 
pressure of the atmosphere, and when the operations ol 
opening and closing the porl occupy a small tint lion ol 
the period ol one evde. Kxpressions are obtained loi the 
theoretic. d efficiencii ol several tvpes ol sirens, and are 


found to be near one hundred percent lor a good design, 
hart II contains a description ol the siren which was 
constructed to operate with a compressor that supplied 
2.500 cubic feel of air per minute at a pressure ol live 
pounds per square inch. 1 hr 4 siren contains six poits with 
a total area of 22 square inches, which are opened and 
closed 1 > v a rotarv chopper at a frequency ol about 500 
cycles per second, h.ach of the ports is provided with an 
exponential horn whose cut-off frequency is 125 cycles per 
second. The theoretical efficiency ol this siren is computed 
to be between 70 and 00 percent. I’art 1 1 1 is devoted to a 
description of the testing ot the siren and a discussion ol 
the results obtained. 1 he tests indicated that at lull output 
the siren produces an average level ot 158 db at a distance 
of 100 feet. The measured level at the mouth ol the horns 
is 174 db, and the calculated level in the throat of the 
horns is 184 db above 10 1,1 watt per square centimeter. 
The level in the throat of the horns corresponds to a sound 
intensity of 200 walls per square centimeter. 1 he most 
reliable method of determining the efficiency, based on 
thermodynamic principles, indicates that the efficiency of 
tin 4 utilization ol the available energy in the air from the 
compressor is about 72 percent. 


INTRODUCTION 

T H K purpose >f this paper is to describe the 
constructio: and design principles ot a 

highly efficient, Id y horsepower siren 1 which was 
developed bv Bel : Telephone Laboratories under 
the auspices of t. ■ National Defense Research 
('onnnittee and cooperation with the 1 . S. 
Army. 

When the need 'or an efficient air-raid warning 
sy stem became apparent toward the end of 1 ( I41, 
the Office of CRT m Defense obtained a release 
of the project Irotu its classified categoix. I ests 
previously report 4 ! in this Journal- were made 
of the usefulness ■ f the siren for this purpose in 
New York CitY. ; urthcr work on the siren was 
carried on by tl Chrysler Corporation, who 
made important mprovemonts in the device, 
particularly in re pect to its serviceability and 
construction. Tin e improved sirens were sub- 

* Now with the Polaroid Corporation, Cambridge, 
Massachusetts. , , . 

1 R, Clark Jones, j. Aeons. Sue. Am. 14, 129(A' ft >4_.l. 
2 f. B. Kellev, J. Aeons. Soc. Am. 14, 12'KA) tl ( 142p 


sequentlv marketed commercially by that com- 
pany. The description here, however, will be 
restricted to the device as developed for the 
initial New \ ork (_ ity tests. 

The project of designing the siren was under 
the general direction of L. C. Wen tv. A thorough- 
going theoretical examination of the problem 
which preceded the mechanical design was 
carried out bv H. 1.0 Neil and the author. Die 
mechanical design was accomplished by I . L. 
Dowry, and the siren was assembled by Dowey 
and A. II Muller. The field tests on the siren 
were made under the direction of T . In. 1 lai ve\ 
am I l lie ant hor. 

PART I. THEORETICAL CONSIDERATIONS 

Because the prior art afforded no example of 
a siren with an efficiency greater than one or two 
percent , it was felt necessary to make a cnieful 
theoretical analysis of the problem of designing 
a siren which would have an efficiency of fifty 
percent or more. 
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It was known at the beginning of tin- theo- 
retical invest iga t ion that the siren would be 
1 towered with a compressor which supplied 2500 
cubic feel per minute at a pressure of live pounds 
per square inch. Although the theoretical treat- 
ments given below were made as general as 
seemed useful, the various approximations were 
governed b\ a consideration ot the compressor 
to be used. 

I he type ot siren to be considered here is the 
type m which the compressor delivers air to a 
pressure chamber which is connected to one or 
more horns or orifices bv ports or openings whose 
area may be varied periodicallv. 

Although an effort will be made to take into 
account the effects ot non-lincarit\ where they 
seem important, the analysis will be based 
essentially upon the usual linear equations for 
the propagation of sound waves. 

1 he following list includes tile more important 
symbols used in this report : 

co = angular Ircquencv, 
p — den sit y , 
c — speed < >f s< mud, 

k = co t ' = 2ir divided In (lie wave-leng I h , 

", --ratio < »t >peei lu' heats. 

7 — a 1 >s< >1 1 1 1 e i eni pera lure, 

I" - / = volume veined v, 

P = al >s< dill e pivssure <>1 the atmosphere. 

p = h -exa-ss pressure maintained in the pressure rham- 
Ih.t hy t he compressor, 

i=p l> ■ 

.S=area ot tin- horn throat, 

-1 — inst.an laiH'ous area ot thr port opening, 

R, //, (/ = acoustic resistances, and 

/-, .1/ = aroust ic indii('tan('(*s. 

Equivalent Circuit Diagram of the Siren 

An approximate equivalent circuit diagram of 
a siren is shown in big. 1. The diagram is based 
on the convention in which the air pressure is 
represented by voltage, and the volume velocity 
of the air by an electrical current. 

the combination ol the resistance R and the 
inductance L in parallel represents the acoustic 
impedance of the throat of the horn or, if no 
horn is used, of the opening into the atmosphere. 
The combination of the resistance II and the 
inductance M in parallel represents the acoustic 
impedance ol the opening into the pressure 
chamber. It will be supposed in t he mathematical 
treatment that the pressure chamber possesses 


Is jo \ !•: s 
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to' the liieorv <>t I he siren, the lulterv /'.’ represents the 
compressor; die resistance am! the inductance L in 
parallel represent the impedance looking into the throat 
ot the horn; the elements // and similarly represent the 
impedance looking hack into the pressure chamber trom 
the port; and the variable, non-linear resistance G repre- 
sents the impedance of the port Itself, The voltage with 
respect to ground corresponds to the pressure with respect 
to atmospheric pressure, and the current corresponds to 
the volume velocity ot the air passing through the siren. 

perfectly absorbing walls, sc that the t npedance 
which is seen by looking into the pressure 
chamber from the horn thn at is sinipiv that of 
an orifice in an infinite bat a-. The variable re- 
sistance G represents the re dance of he device 
which controls the flow of ,a into the torn fror 
the pressure chamber. Kit dv, the . attery j 
represents the pressure ma .iained in the pres 
sure chamber bv I he n imp -si >r. 

Qualitative Con terations 

The considerations win i result .rout th 
detailed analysis may he i: mated in a qualita 

live manner by mere inspei >n of the . quivalen 
circuit diagram. 

II file siren is to have nigh etfii .enev th 
radiation resistance of the .urn, i.e., lie serie 
resistance component ot t parallel L and . 
elements, should be large om pared with th 
other series resistance eon. uiienfs tl.it are i 
the eireuit when the ports are open, since th 
power which is radiated a; omul is Ate powt 
which is developed in this i distance. 

This tact has lour impoi at consequences : 

(1) A horn is in general < great ben Jit and . 
it be of the exponential typ as cut-off .roquenc 
should be small compare! with the operatic 
frequency of the siren. 

(2) It is always wastefu control a. how, 1. 
it oi lluid or electricity, . ith a variable n 
sistance. There arc, howe , two va.ues of 
scries resistance which invo no waste of powet 
zero and inlinii y. According , the chop >er whir 
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a .ternately opens 
t uniat of the horn 
1 criod of opening 
with the time the 

(3) As will he s 
’esistanec of the 

inear, its value 
: ional to the veloe' 
iressure /? should 
vith the pressure 
>f the energy is no 
n the port. 

(4) The react at 
oared with the ns 
equivalent to tlr 
maximum dimen 
oared with un 

v ax'c-leugth. 

Quantitative I " 

The impeda 
ire acoustical 1 
if the pressure 
In big. 1 th 
(■presented by 
larallel. In tin 
drcuit it will ■ 
'■onstant value- 
direct current, 
when the port 
The solution ce 
a horn of this 
exponential ho ■ 
theory does no> 
frequency ;md 
frequency. Pi- 
quancy at wive 
above the cut ; 
horn, the elens 
slant in this fo 
to be concern 1 
impedance of ; 
queney, becaus 
a steady cum- 
through an ex 
were conical. 

The theory 
horn were cow 
that the tlieo 1 
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nd closes the port at the horn with the stum- values of L and R at the 
mild be arranged so that the fundamental frequency. 

closing is small compared The chief advantage of the exponential o\ei 
Tts are open or closed. the conical horn is that, for a given length and for 

mil later in this report, tin- given mouth and throat areas, it has a lugher 
rt when, it is open is non- value of L R. 

ing apnroximatelv proper- As one may easily verify by reference to anv 
of How. The excess chamber standard textbook on acoustics, the following rc- 
lerefore be small compared lations hold for a conical horn 
of the atmosphere, if much r 

pc pi Oj/v 

i be dissipated bv turbulence = / = — ■ Q l =--=kl, ( 1 ) 

5’ s' R 


of M should be small com- 
ance 11. 'This requirement is 
-ondition that k times the 
n of the port be small com- 
■ here k is divided by the 


ssions for the Impedances in 

Fig. 1 

used throughout this report 
ledances, defined as the ratio 
the volume, velocity, 
oad impedance of the horn is 
inductance and a resistance in 
athemat ical treatment of this 
assumed that A and R have 
for all frequencies, including 
luallv, they are constant only 
terminated by a conical horn, 
dins be applied strictly only to 
pe and particularly not to an 
which according to the familiar 
"ansmit waves below the cut-oil 
s an infinite impedance at zero 
(led, however, th.it the fre- 
the port is modulated is well 
f frequence o! the exponential 
is L and R are essentially eon- 
lieney region. I here is no need 
about the theoretic.il value ol 
exponential horn at zero lie- 
t is known from experience that 
of air will How about as freely 
mcntial ’lorn as it would it it 

ill be de'-eloped as though the 
al, and it will then be assumed 
applies also to an exponential 


and similarlv tor an exponential horn : 



where / is the distance from the throat to the 
virtual apex of the cone, ,S is the area of the 1 hot n 
throat, and co n is the cut-off frequency of the 
exponential horn. 

An estimate of the values of 11 and M max be 
obtained on the assumption that the impedance 
of the orifice is that of a circular piston of the 
same area. When the customary expressions for 
I he impedance ol a umlatcrally-loaded piston m 
an minute bailie are t ranslormed m the lii.mnei 
required to determine the xailues of resistance 
and inductance in a parallel combination, in- 
volved expressions result, but if k times the 
radius, a { of the piston is small compared with 
unitv, the expressions are represented approxi- 
mated' by 



128 

pi 8 

pa 


II---- - ■ 

. .1/= ' 

1 3) 


OtA 

.S' 3 7T 

.S’ 

so t hat 


co.l / 3 tt 



(J.- : 

■ - - = - ku . 

(4) 



11 Hi 


! t is 

more difficult 

to make a r 

eliable estimate 

of the 

X'aiue ol the 

resistance ( r 

, which at any 


instant depends upon both the How ol an tluough 
the port of the siren, and the port area. A rough 
estimate is obtained in the following manner. 
When gas escapes through an orilice from a 
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chamber in which the absolute pressure is P u 
into a Chamber where the pressure is the 

rate of discharge of mass is :i 



where A is here (lie area ol the vaui rontracta . 
\\ hen the pressure difference f> is small compared 
with the absolute pressure, (3) mav be used to 
obtain 

P = Po ~P\ = hpir, 

where u is the linear velocity in the vena con- 
tracta. Applying this expression to the siren port, 
one obtains for its acoustical resistance 

p P i i r, 

(:=== P , t6) 

I' Ah 2 A 

where I’ is the inslanttmeous volume velocity 
through the jiort. In a study of the properties of 
Helmholts resomitors L. J. Sivian' h;id to pos- 
tulate a resistance term of the form (6) in order 
to account for the high damping which was ob- 
served when the resomitors were oscillating at 
very large amplitudes. 

A consideration of the mechanism of this re- 
sistance suggests that a necessary condition for 
its existence is the presence of a large and sudden 
increase in the cross-sectional area of the path 
through which the gas is flowing. Equation (6), 
therefore, gives a value of G that is too Large when 
a horn is employed and the port is completely 
open, but a reasonably good value for the case in 
which the port is partially occluded. In the 
absence of a better estimate, the expression (6) 
will be used in the mathematical analysis, with 
A taken to be the instantaneous area of the 
opening. 

Suitable expressions for the circuit elements of 
Fig. 1 having been obtained, it is now possible to 
derive expressions for the efficiency and sound 
output of any siren that can be represented bv 
t h is circuit. I wo cases will be considered, one in 


which the p< ct area is varied with time in such 
a way that •. pure tone is generated, ano the 
other in win h the operating times of opening 
and closing me port are a small traction ol the 
period ol out cvclc. 


'heoretic.d Efficiencies 

Si,> 'u with l ure l one Output 

Let it be inquired tnat the wave form of the 
acoustical omput of the siren be sinusoidal. This 
is equivalent to the requirement that the current 
in through ti e resistance R be of the form 


i n = 1 COS to/. 

C.onsidering me fact L.at L h;n. zero impet.ance 
for direct cu.rent tint, that therefore no < irect 
current flows through R, one Imds the ctn rents 
through the ether eleti ruts of the circuit : 

1 1 . — - ii T (I / Q i sin to/, 

in — -o + / cos ■/+(//()'.) sin to/, 

i ii = Q"J cos t . — aQ«I sin to/, 

and 

Im - /u + os to/ T/ib sin to/, 

where 

-Qi/Qr (J: 1 (b 

a = jj = , 

i+(V 1 C?a 2 

and where I u ,s the av.rage vah of the current 
through M, (.-, and L. 

1 hese relat.ons serve to evtdt, te G, since, by 
definition, G equal to the rati, of the voltage 
across G to the current through ■ 

E— Rin — Ili/. 

G = 

in 


By Eq. (6), however, me resist ce G may also 
be written 

pin 

G~- — . 

2A- 


Epon eliminating G between t a last two rela- 
tions, and solving for A, one ffi is 


A = 


(:)‘t 


1 o + b cos to/ T ( I , Q i ) sin to/ 


IRA P PQ;i) cos to/ T //?«(, ,-j sin to/) 1 


( 7 ) 


lor.KV Lamb, II ydrodymimu . s d'ambi'idgc limraiiv Press. New York, I >.M), m\Hi edition ,, 
.. J. Sivian, J. Acous. Soe. Am. 7, 04 101 (I'U.S). 
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\vh 


= K. 


behavior of the funetion /by) when its argument 
( 8) lies between zero and ten : 


it 

bet 

wh 


d'h 
are 
it i 

val 

eve 

am 

ma 

val 


apt; 

one 

wlu 


and 


will 


Hot 
fune 
the 
are • 
By 
for R 


.rder that the niininuen value ot .4 be zero, 
lecessarv that the fo’lowiny relation hold 
■‘li / and /u : 

L, = kI . (<)! 


ks (1 + 1 Qffif 

va.xinnnn value ot .-1 must be equal to the 
3 of the throat of the horn. I nfornmateK . 
ifhcult to determine exactly the maximum 
of (7). In eases of practical interest, how- 
m which (d will be larye. and in which ()•• 
b will be small compared with unity, the 
mm value of A will be very close to its 
for / = 0. rims 


.S' 



/ 1 1 H — x ) 

(E I R( \+dO,)) 


ximateK . I'pon solving t his equal ion lor I 
ids 

1 -- 1 E Rp)i dv), i.im 

(Ai + i (7 

u — 1 4~ (hi 

l+<77 

here 

/by)s[(l+2y)‘-l] v. 


{ 1 + k)~ pi'. 

3 ffi RIP 

the dimensionless parameter y and the 
m /dv) are of fundamental importance iii 
wore of the siren as developed here, and 
scussed in the following two paragraphs, 
use of the relation pr = yP and Kq. (1) 
the expression for y may be written 

!l+bb /_4/ 

p' 7 7 


when f^=-p P and where the approximate 
equahtv holds when both k and p are nearly 
unit\ Since y is very nearly 1.4 for air, the 
parameter v is roughlv three times the ratio of 
the i-xeess chamber pri'ssure to the absolute 
pressure of tile atmosphere. 

I'h ■ following verv brief table indicates the 


fro 
o.i 
0.2 
( 1.5 

1.0 

2.0 
5.0 

to.o 

The following two 
helpful in understanding 
t ion : 


/•'< y ' 

1 .000 
02)51 
01)16 
0.828 
0.752 
0.618 
0.465 
0.558 

expansions are also 
the nature of the func- 


series 


/by) = 


— ■> v - 


-> v- 


v< 


1 . 
2 ' 



The efficiency of the siren may now be cal- 
culated. The output power is \I'R, and the 
input power is I'.P,. 1 he efficiency is therefore 

I-R IR 1 

Kff = - = - ■/•’( v) ■ (11) 

2 F I , i IkE 2kp 


Because the parameters k and p are always 
greater than unity, and the function F{y) ap- 
proaches unity from beneath as y approaches 
zero, the efficiency of the siren considered here will 
olwavs he less than 50 percent. 


Siren of Maximum Power Output 

The siren just discussed, whose port area 
varied in such a way that the acoustical output 
contained only the fundamental frequency, is not 
the most efficient type of siren. It has already 
been pointed out that it is inefficient to control 
a How of air by means of a variable resistance. 
.Accordingly, a type of siren will now lie examined 
in which the port is fully open half of the time, 
and fullv closed during the remaining half of the 
evelc. 

Because of the mathematical complexities of 
handling non-linear circuits, it is not possible to 
provide for this case a simple treatment which 
takes into account all of the details which were 
included in the first calculation. The problem 
will be simplilied to the point where a simple 
treatment is possible. It is necessary to assume 
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that either // or .1/ is equal to zero, ami to 
assume that the indurlaiue I. is minute. 1 hesc 
assumptions have as their ronsequeiiee 

(J: - z. , ,<(J., V ,i(J , II, l\ fj 1 . 

With these -umphlirat ions the volume veloeitv 
through the port is constant during the time that 
the port is open, so that the impedance (7 has 
onl\ tXVo values, mlmitv and (7,,, where re- 
mains to he detei'll 1 nted . 

I he ealeulation is verv simple. Let /,, he the 
constant current through the inductance L. Then 
when the port is closed, the purrent through l\ 
must he /, . In oriler that the average current 
through (i also he etjual to /„, it is necessarv that 
the current through (7 he equal to 2I„ while the 
port is open . and llieretore the < urrent through 
K is I„ while the port is open. The total potential 
ditterenee across R and (7 is then 

/•' 2(7,,/, • RI I 2 i 

because the volume \elocit\ through the port, 
2/ i, is equal to I , lap (> mu\ hi 1 written 

( i, i> I . .S', 

Sul ist it it t ton ol the last equa t ion in ! 1 2 ) vields 

i h- R)h\y), i IT) 

where v (litters onl\ slightlv troni the parameter 
indicated by the same symbol in the first cal- 
culation : 

4 P E 4/' 

v v:;v 

Lite eftiricinw ma\ now lie determined dircclh . 
The input power is U„, and the output power is 
/ 1 rR : the efficiency is therefore RI„ Id. 

Kli ^ Tty). : 1 4 ) 

This is the efficiency when the total acoustic 
output is taken into consideration. Since the 
output signal has the form ot a square wave, an 
appreciable traction of the total power output 
will he in the form of harmonies of the funda- 
mental frequency. Actually, a fraction 8 dr of 
the power in a square wave lies in the funda- 
mental component. Thus if one is interested onlv 
m the fundamental component in (he out [nit of 


the > i re u . tin 1 ci >rivs| ioi id ing et 

lelll’V IS 

left = ( S 7T" ) /m v 


Comparison and Dis 

ission 

1 lie siren c< instderei 1 in tin 

iirst ralcii 

ha> an elhrieiirv whose upper 1 

ill is 50 pc 

I he siren i >1 t he sen >t t< 1 cahaila 

mi , howevi 

an etticieinw whose upper li 

t is eitlie 

percent , or 81 .00 percent , dep 

Img on wi 

the total acoustic output, or 

■rely the I 

mental component, is used 
i dfinelliw . 

computin 

Perhaps the most striking . 

iect ol the 
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is the lac 

(he efhrieiu aes depend on the 
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same manner. 1 ndrc< l.it t lie si ■ 
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the first ■ 
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I tile (Ts 
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Power Consideratic as 
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[lower tor a given port area S ' 
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the pure ton* 
two, whereas 
unchanged. I : 
followiny stat< 
powers of the 
to obtain the 
tone siren, the 
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On the bas 
the total pow 
PR. If the v 
power on t pin 


which by vir! 

( 1 ) tor R, bee 


The result w 
obtained din 
whereas who 
function / M_\ 
whence 


Thus in tie 
direct ly pro; 
ease, it is p 

Similar c 

total power 
is equal to 


and the cor 
compared v 


Thus lid v 


\ |- 1 p r y it o u s t; i’ o \v h it sir k n 


s t should be multiplied by 
iv nput power should be left. 

roeedure is followed in the 
O Is of the output and input 
o’ -e-wave siren. I 1ms, m ordei 
spondiny results for the pure 
■ nt power ytven below should 
A 

V' l Power ( hit-put 

the procedure just described, 
:• . tput is twice \PR, or simply 
or (10) is used for /, the total 
d ■ yiven b\ ■ 

IT 

V- -I' v) 

fj. ■ R 

t he rclat -in pc- = 7 P and hq. 





- /> is small -ompared with P is 

: i by set timt R equal to unity, 
y is larye n uipared with P, the 
is a])|)roxima 1 ely equal to f2 y)q 

2/aSV 

lid.St: • 

(1 4- cl- 
atter case, the output power is 
ri Hina! to p ; whereas m the loimei 
oortional to the square oi />. 

Total I’o-wei Input 

u'cssions ma \ be written Ini the 
input The toial power input II , 

c /•;■' kits, 

ip v t - I -' 1 y ) ■ 

- u R ' m R 

spondmy expression when p is l.uye 
h p is 



.-ies as the second or three-halves 


power of p when / is small or larye compared 
with unity, respectively. 


The Power Available from the Exhaust oj a Com- 
pressor 

In the preceding treatment, it was assumed 
throughout that the total power available lrom 
the compressor was l‘ J I n = p\ »• 1 1 was not mad* 
clear, however, at what point the vein nib-velocity 
1'n was to be measured, whether at the intake ot 
the compressor, at its exhaust, or in the horn of 
the- siren. As already pointed out. the mathe- 
matical treatment was based primarily on the 
eustomarv linear equations tor the propagation 
of sound, so that no account is taken of the vaii- 
ution of the average volume velocity in the 
various parts ol the system. 

It seems reasonable to choose the volume 
velocity Id so that the expression p\ n is exactly 
equal to the power available from the com- 
pressor. 

but P be the absolute pressure at the intake 
of the compressor,* let P = P A~ P l ,( -‘ the ab- 
solute pressure at the exhaust ot the com- 
pressor, and let Id be the volume velocity at the 
intake of the compressor. I hen it the air is com- 
pressed adiabatieally. the power required by a 
compressor whose cycle of operation is reversible, 

is : ’ 



- /AdA.lT /da " i _i j, 

/( 7 - 1 > 

where f p R- I he same amount ol power mu\ 
be obtained from the air .it the exhaust ol the 
compressor, provided that the ambient pressure 
is the same as that at the intake to the com- 
pressor, and provided that no heat is added to 
or removed trom the air stream. 

Tims in ordei- that the expression p \ „ be an 
exact expression for the available eileryv, the 


• In order w ayree with die subscript convent Kin ot 
sphere, i tor c honit.ee ) used in this section. 
Isolate presum e ol die a t nn >s j .tiere should he denote. 

iintead of IP hill the latter symbol is toed in unk 
, u ree with the remainder ol die report . 

\y. V Barnard. Id (). Kllenwood. and ( . K . Hus. 
’•Jnnents of /to//- /'over EnniuernnK Jolm \\ dev and S 
Xew York, third edition, pp. ldU, 1st. 
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volume velocity lb must he given bv 


r 0 = — 7 — T'„r( 1 +/■) <■» 1 >-l], 
/(•> - 1 J ' ‘ 



(17) 


II one assumes an ideal, adiabatic compressor, 
till' relation between the volume veloeitv I'„ at 
the intake and the volume veloeitv I',, at the 
exhaust is 

!',.= ( !+/)“> M'„ 


In terms of lb, the energy available from the air 
stream is given by 


/ ( 7 - 1 ) 


I ;[1 +/-(!+/)' M, 


/ 1 2y- 1 

= ’( 1 +;-/ ~P + 

\ 2 7 6 y- 

A mixed formula is also available 


(.18) 


To = — 1 r „ 1 7 ) ! [( 1 +/) 1 - ^ 1 - ( 1 +/) 1 

/( 7-i) 

V 24y 2 / 

Of these three equations for lb Kq. (18) is the 
only one which depends solely on the actual 
pressure and volume velocity of the air stream, 
and, accordingly, this formula is valid for all air 



I- in. 2. A sketch showing a cross-sectional view of the 
siren, the rotor is seen edge-on, and is indicated by the 
number 2. 


streams, whether they be ol trained from an ideal 
compressor or not. For f =- \, and 7 = 1.40, the 
■above expressions become 

>'„ = 0.8995 Ik, 

= 1.10471' , 

0.006S b 

1 hose results indicate that the mean proportional 
ol r„ and 1',. is very nearly equal to Id for values 
of J as small as those considered here, whereas 
the volume velocities 1), and I',, differ appre- 
ciably from J r 0 . 

A Thermodynamic Method of Measuring 
the Efficiency 

In addition to the direct methods oi measuring 
the efficiency of a siren, which involve measuring 
both the input and the output powers, there 
exists also a thermodynamical method which 
depends on t:h- following considerations: If all 
of the available energy were removed from the 
air in the pressure chamber, the temperature of 
the exhausted air would be less than the tem- 
perature of the gas in the chamber by the 
amount corresponding to an adiabatic, reversible 
expansion from the pressure A,, to the pressure P. 
On the other hand, if the air were to escape from 
the chamber in u free expansion so that no work 
were done, the temperature of the air would not 
decrease at all, except by a small amount because 
of the Joule- 1 homson effect which may be com- 
pletely ignored iu the present connection; in this 



f • ‘ A sketch towing the - pe of the rotor and its 

position with resp t to the so >orts, one of which is 
indicated by the ni titer Id. 
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Fin. 4. \' 


of 


lilt* 


.iron mounted on the truck. The intake filter and the compressor are shown 
iV‘ mne- shaped pressure chamber and tin* exponential horns on the left. 


to tin* right. 


rase all t ■ availa energy would be used to 
heat the r s. 

Accordi giy, tin fhciency of the siren may 
be determined by leasuring the temperature 
ditterence oetween ue air in the horn, and the 
air in the pressur chamber. The efficiency is 
equal to the ratio < ' this temperature difference, 
to the temporal in difference of an adiabatic 
reversible expansio from the pressure P in the 
chamber to the pre sure P in the lioin. 

The difference b ween the absolute tempeia- 
lure I',, of the air a the pressure cliamber and 
the 1 t tun pera 1 11 re* 7 *f the an' m the hoi us will be 


7V— 7', . = 1 - (1 

At- 1 

T 

y(/+' 

At 

= T 

y(f + 


f) n oo], 

1 27-1 

i+ / r-+--- 

2y Vy 1 


1 ) - 27-1 

1 A + - - 

(1/27) ^ 24 y 2 


IT 


form of energy other than heat. If the assump- 
tion is made that the only other form of energy 
into which the available energy can be converted 
is acoustical energy, then the efficiency of the 
siren is the ratio of the measured difference 
lie; ween / , and. T„ to the value predicted by 
K(j lib). 1 'or / = A 7=1-40. the temperature 
difference calculated by (IT is 

7',- T„ = 0.07807', = 25.6°C, 7', = d25°K. 

I his temperature difference is sufficiently lai ge 
to he measured easily except 111 the case of vei \ 
low efficiencies. 

PART II. CONSTRUCTION OF THE SIREN 

This section contains a description of the siren 
which was constructed to operate in conjunction 
with a compressor having a rated capacity of 
2. !K) cubic feet of air per minute at a pressure of 
5 T in.-, d'he frequency of operation was to be 
al-out 500 cvcle /see. d'he siren was designed on 

I I . basis of the theory given in the previous 


if all of the avail ic energy is converted into a 


sect ion. 
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It should perhaps hr mrnlioiird here that the 
siren was const met r< I at a time when there was 
some < I ( ill 1 ) t dial an elfieienev as h i << h as 50 
percent could he realized; it was thought that 
possibly something important was being over- 
looked in the analysis given in the last section, 
because data available on prrvioush constructed 
sirens indie, iteil an rlhcienr\ nut greater than 
one oi two percent. Acc ord inglx , the designers 
leaned o\'er backwards to follow out all of the 
precepts ol the thcorv. 

Mechanical Design 

Idle compressor used to supplv compressed air 
lor the siren was of the single-stage, centrifuyal 
type. It was driven throuyh step-up years bv a 
05 hoi'sepower yasoline engine. When operating 
at a speed of 10,000 r.p.m., if is capable of 
supplying .lit" at an excess pressure of 5 lb. in." 
when the volume velocity at the intake of the 
compressor is 2500 cubic feet per minute, or 
41.67 cubic leer per second. This is the volume 
velocity denoted by I in the preceding theorv. 
Ilv hap ! 17), the effective value Id is equal to 
57.45 cubic feet per second. At a pressure of 
5 lb. in. L ', this flow represents 40.0 horsepower, 
or 46.6 kilowat ts. 

The general construction of the siren is shown 
in Figs. 2 4. 

I he air from t he compressor enters the cone- 
shaped pressu re chamber a t t he apex of t he cone. 
A rotor equipped with six blades alternatclv 
closes and opens the ports at the throats of each 
of the six horns. All of the ports open at the 
same tune and < lose at the same time. 

I lie cy I ind rica I sec t ion of the pressu re chain ber 
is 46 inches in diameter, but t he inner diameter 
is onl\ 40 iinhie because of a three-inch lu\er 
ol nick wool which covers the inside of the 
pressure chamber. I he rock wool was added m 
order to reduce standing waxes within the cham- 
ber. It was not felt that the standing waves 
would seriously reduce the etfieicnev of the siren, 
but it was thought possible that l hex would 
make the performance of the siren change appre- 
ciably with small changes in the frequence of 
operation, so that it might be difficult to make 
reproducible measurements without careful eon- 
t n i! of t he 1 requenev. 

I lie pressure chamber is provided with bailies 


at the place , indicated by 27 in bigs. 2 and 4. 
I liese bailie- seiwe to divide the pressure cham- 
ber into six parts, one for each port; their 
primary pm pose is the prevention of a rota, v 
motion of th air as a consequence of the rotation 
of the rotor. 

I lie porti are rectangular, with dimensio is 
1 k by 2 : “i im.ies; the long dimension lies in t e 
radial direct:. m. ’The total area of tin- six poi s 
is t Inis 22 in 

ddie dimensions of the ports represent a cm - 
promise between a desire to keep the width ,f 
the port small in order to minimize the diamei-r 
ol the rotor, and a desire to keep the length <4 
the port small in order to minimize the radiation 
of sound back into the chamber. 

Idle rotor is of cast duralumin, and is 25 inch .- 
in diameter. A clearance of 5 to 10 thousandths - f 
an inch is maintained between the rotor and tie 
ports. I he centers of tin 1 ports are located 1(A 
inches from ine axis of tin. rotor; the circumfe - 
ence at this radius is thus (.7.0 inches. The wide; 
of the blades anti the width of the space be twee , 
them tire m, le equal, so iiat the width of tl, ■ 
blades at tli adius of 107 inches is one-twelfta 

of 67.0 inch or 5.58 it i< lies, ddtis provides , 

ratio of 4.0, vtween the width of the bladt , 

<md the win of the pom Tints the ports an- 

fully open < mg 48 pen -nt and fully close,, 

during an al fraction of the period. Id,, 

operations o u-iiing and losing (he ports each 
requirt 1 12 p- mt of the p idod. 

The rotor driven tin- nigh five Y-belts in 

parallel by a isconsin ya oline engine rated a i 

20 horsepow It require only 10 horsepower 
to turn the i ir at 4400 r i.m. when the excess 

pressure in t chamber i- zero, but the power 

required rise n 20 horsep, wer when the cham- 

ber pressure 5 lb. inA 

I he horn, nave an ex, mential taper, such 
that thccut-- t frequency i , 25 cvcles per second. 
Idle reetanyn ar shape of ,c horn at its throat; 
is gradually i , ansformed l. a. an equilateral tri- 
angle as tlu horn flares idle six equilateral 
triangles are combined ft form an equilateral 
hexagon, wit , 28 inches b ween opposite sides 
ol the hexagmi. Since tlr wave-length is 26.4 
inches at 500 ycles per st utd, this diameter is 
sufficient to i fovide a res uve termination lor 
the horn. Ii some of ti iests of Ihe siren. 
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however, the lircetivitv was men . sed by at- 
taching a semi-foot wooden extension. 1 his 
extension hop served to increase tl ■ size of the 
hexagon from 28 to 56 inches. 

The siren w is originally equipped ith wooden 
exponential horns, hut when these w ■■nt to pieces 
after a few minutes of operation they were 
replaced wib welded steel hone The steel 
horns were 1 lincatcd from a douole la\ii of 
0.0508'' shoe’ steel. The two layers erg tacked 
together wit! about one spot-web pel squaic 
inch. The purpose of the double layer is to 
deaden the -heel so that vibrat ms of large 
amplitude an not apt tooccm. 

( omputed Performance* 

In the foil wing paragraphs, the pertormance 
of the siren usi described will be -omputed on 
the basis of me theory developed in Part b 

In order to calculate the theoretical pcrlorm- 
ance ol the s ,- en, it is necessary lust to < <di ulatt 
the ( linumsiouless parameters k, n, anil y. I best , 
in turn, depend in part on the values ol (A, (A. 
and (J : <. The ' >'s will be computed lor a trequenev 
of 500 cycles per second. 

The Q of the horn is wry near!' equal to the 
r tin of the operating frequency to the cut-oil 
■ equenev, according to (2). Since the cut-oil 
, > q uency is 125 cycles pur second, one has 

CP = 4. 

■' ii is taken as the radius of a eir le whose area 
ncjual to 22 6 in.b one finds o : > substituting 

t (4) 

(P = 0,151 

nd from ( . ) , id), and ( 8 ) 



\ more accurate calculation which lakes into 
account the rectangular shape ol the ports raises 
dightlv the values of (A and CP. ,l!lt n,)t enough 
to be important for the present computation. 

With these values of the ()'s, and with /> P = 5 , 
y = 1 .40, the iiarameters k, g. .and y may now be 

calculated 

= 1.051. 1.085, y = 0.854 /•'=(). 750. 


With these numerietd \';dues, the efficiency (.16) 
is 0.678 and the volume velocity - 1 n, according 
to 1 10) is 28 ft . 3 sec. The last value is to be 
compared with the volume velocity I 0 which 
the compressor will supply: 57.45 ft . 3 sec. 

Thus it would appear that the siren described 
hen- would not be able to utilize till of the 
capacity of tlu- compressor, but considerable 
doubt exists as to the accuracy of the method 
by which the factor F was computed, ddiis factor 
takes account of the existence ot the non-linear 
resistance (4; it G were zero, 1‘ would be equal 
to unity It has already been pointed out that a 
neeessarv condition for the existence of the re- 
sistance G as defined by ( 6 ), is the presence of a 
large, sudden increase in t he cross sect ion through 
which the gas is llowing. In the siren described 
here, no such sudden increase exists during 75.2 
percent of the time that the port is more than 
half open. At cordingly. it was decided that the 
best estimate of P would be much nearer to 
unitv than to 0.76. 

In the design thetactor /' w u> actually taken 
to be unitv, so that the siren considered here was 
assumed to consume 58 It . 3 see. at a pressure ot 
4 () ||). in.- This decision was made in the light 
of the fact that there would be a small leakage 
of air through the ten thousandths ol an inch 
clearance between the rotor and the ports. A 
rough estimate of this leakage suggested that it 
might be as high as three or four percent ot the 
total How available from the compressor. It 
should be noted that the pressure dilleieme 
between the two sides ot the blade, during the 
time that the port is closed, is more nearly ecptal 
to ten pounts per square inch than to five. 

The above argument thus suggests that tlu 
siren here described will consume 58 ft. set. at 
a chamber pressure ot 4.6 lb me, a nr 1 that the 
efficienev of the utilization of the energy available 
in the air tlow will lie between 70 and 0(1 percent. 

PART III. TESTING OF THE SIREN 

The quantitative l< sts of the siren were made 
on the western shore ot Harnegat Hay w lx it it 
could be pointed over a clear stretch of six miles 
of water. 1 luring all ot the tests, the shell was 
mounted on the truck as shown in big. 4. 

It was at the initial test of 1 he si ren in 1 )ece tu- 
ber, 1041 , that the original wooden horns proved 
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460 CYCLES / SECOND 
4.4 POUNDS / SQUARE INCH 


Fig. 5. A plot showing the results of one set of measure- 
ments of the sound level at a number of points in the 
plane of the mouth of the extension wooden horn. The 
areas between each pair of adjacent hexagons are equal. 
The points at which the measurements were made were 
chosen so that the results could be integrated to determine 
the total output power. 

so completely inadequate. These horns took the 
place of the steel exponential horns which are 
visible in the photographs. They were con- 
structed of half-inch plywood, with all the joints 
glued and screwed, and were reinforced with 
wooden cleats which were bolted together. 

The siren was operated at full output for a 
period of about five minutes at a frequency of- 
440 cycles per second. When the test was over 
it was found that the ground beneath the wooden 
horns was littered with more than a hundred 
screws, nuts, bolts, and fragments of wood. 
Nearly all of the glued joints had opened up, 
and in doing so, had either turned out or pulled 
out the wooden screws. Most of the cleats had 
come loose, and in some places fragments of the 
wood had splintered off. 

As the result of this experience, new horns 
were constructed of sheet steel as previously 
mentioned. 

The principal objectives in these tests were 
the determination of the efficiency and the sound 
output. 

Efficiency and Acoustic Output 

Efficiency by the Thermodynamic Method 

This method was described in the first section 
of this report, and is the only method which 
determines the efficiency without separate meas- 


urements of the input and output powers. It 
involves merely the measurement of tempera- 
tures. 

Unfortunately, the application of this method 
to the siren described here presented a difficulty. 
The power required to drive the rotor (20 horse- 
power when the chamber pressure is 5 lb. /in. 2 , 
but only 10 horsepower when the chamber pres- 
sure is zero) is not insignificant compared with 
the total of 49 horsepower in the air stream. 
This power, by heating the air stream, reduces 
the temperature difference on which the determi- 
nation of the efficiency is based. To be sure, the 
correction is readily calculated if one assumes 
that all of the energy is converted into heat. 
This assumption is somewhat questionable since 
the power required to drive the rotor doubles 
when the chamber pressure rises to its operating 
value. 

The calculation of the efficiency by the 
thermodynamic method is based on the following 
measurements : 

Chamber pressure: 4.7 lb. /in. 2 , 

Frequency : 465 cycles per second, 

Ambient temperature: 2°C, 

Temperature difference between chamber and 
air in horns : 15°C. 

On the assumption that the absolute temperature 
of the air in the chamber pressure was 310°K, 
the temperature difference calculated by Eq. 
(19) is 24.5°C. Thus the apparent efficiency is 
only 61 percent. 

No account, however, has yet been taken of 
the effect of the rotor. If all of the 20 horsepower 
used to drive the rotor were converted into heat, 
it would increase the temperature of the air in 
the horn 9.5°C, and the calculated efficiency 
would be just one hundred percent. If only half 
of the energy put into the rotor were converted 
into heat, the efficiency would be 81 percent 
with respect to utilization of the available energy 
from the compressor, and would be 50 percent 
with respect to the utilization of the energy put 
into the rotor. If, finally, the" efficiencies of 
utilization of the two sources of energy were 
equal, the efficiency would be 72 percent, which 
is the result which is obtained from (20) if both 
the compressor and the rotor were considered as 
sources of input power. 
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The second method us- 1 to determine the 
efficiency was to measure he acoustic level of 
the fundamental component at a number of 
points distributed over the plane of the mouth 
of the horn. The measurements were made at the 
mouth of the seven-foot extension horn, where 
the sound field was more uniform than at the 
mouths of the exponential horns. 

The sound level measure: cents were made with 
a Western Electric 640- A condenser microphone. 
To avoid serious overloading of this microphone, 
the diaphragm w'as shielded with a steel cover 
by which the sound level was attenuated 36.0 db 
at frequencies below 1000 cycles per second. The 
resonant frequency of the steel cover was about 
2000 cycles per second. The microphone with its 
shield was calibrated by a free-held comparison 
with a calibrated 640-A microphone. 

The pressure levels shown in Fig. 5 were 
obtained with a chamber pressure of 4.4 lb. /in. 2 
at an operating frequency of 460 cycles. The 
zero reference level is the customary one of 
10~ 16 watt/cm 2 in a plane progressing wave. 

The levels were converted to non-logarithmic 
power units and were integrated over the surface 
of the opening of the horn. 1 he result obtained 
corresponded to an average level of 164.1 db over 
the entire surface of the opening, or 2.57 watt/ 
cm 2 . The total area of this surface is 17,520 cm 2 . 
The total power is therefore 45.0 kilowatts, or 
60.3 horsepower. 

If the total input power is taken to be 49 plus 
20 horsepower, the efficiency is 87.4 percent. 

The output power just computed, however, 
refers only to the fundamental component. Al- 
though no mapping was attempted for the har- 
monics, the average of measurements at several 
points indicated that the level of the second 
harmonic was seven decibels less than that of 
the fundamental, and the level of the third 
harmonic, fourteen decibels less than that of the 
fundamental. The inclusion of these two har- 
monics serves to increase the output power by 
the factor 1.24. (If the output were a square 
wave, the second and third harmonics would be 
down 9.5 and 14.0, respectively, and the inclusion 
of all of the harmonics would increase the output 
power by the factor 7r 2 ,/8 = 1.234.) 


POWER SIREN 

The inclusion of the second and third har- 
monics thus serves to increase the measured 
output power to 75 horsepower, which corre- 
sponds to an efficiency of 108.8 percent ! 

This result is certainly too high. A reduction 
of only 1.7 db in the average level, however, 
would suffice to reduce the efficiency to 75 per- 
cent. It is not difficult to believe that an error of 
this magnitude could be present in the measure- 
ment. In addition to questions of temperature 
stability of the shielded microphone, there is 
firstly, the fact that there is evident in Fig. 8 a 
difference of as much as 3.4 db in the levels at 
points where the levels should be equal on the 
basis of symmetry considerations ; a considerable 
error could therefore enter in the process of 
integration over the mouth of the horn. Secondly, 
the measured level fluctuated irregularly over a 
range of about two decibels. 

Accordingly, it may be said in conclusion that 
the efficiency obtained by a direct measurement 
of the output power at the mouth of the horn 
is much less precise than the result obtained by 
the thermodynamic method, but within the 
limits of its accuracy, it provides a rough con- 
firmation of the result obtained by the thermo- 
dynamic method. 

Directivity Pattern 

The third and last method of determining the 
efficiency involved a determination of the total 
output power through a measurement of the 
levels at a fixed distance of 45 feet from the 
siren, without the seven-foot extension horn. 



CHAMBER PRESSURE IN POUNDS / SQUARE INCH 


Fig. 6. Relation between chamber pressure and the 
sound level in the plane of the mouth of the extension 
horn. The dashed line shows the output level which would 
be obtained for lower chamber pressures if the sound 
pressure were directly proportional to chamber pressure. 
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Because of the lengthy measurements which 
were involved with this method, it was decided 
to measure the directivity pattern with the com- 
pressor inoperative. Figure 6 shows how the 
level depended on the chamber pressure. As the 
figure indicates, the pressure in the chamber is 
slightly negative when the compressor is not 
operating. The measurements indicated that the 
level dropped about 24 to 28 db when the 
compressor was stopped. 

It was found, however, that the level was 
somewhat erratic when the compressor was off, 
and tips effect was finally traced to the action 
of winds. The cure for this trouble was to close 
the intake of the compressor. When this was 
done, the negative pressure in the chamber in- 
creased to 0.10 lb. /'in. 2 , and the output level was 
independent of the direction and strength of the 
wind. 

The microphone was hung from a tripod 16 



Fig. 7. The directivity pattern of the siren without the 
seven-foot wooden extension at 440 cycles per second. 
The pattern is corrected for ground reflections and thus 
represents the pattern which would be obtained under free 
field conditions. The polar curve represents the relative 
sound pressure as a function of azimuth at a 'Constance 
distance from the siren. If the inverse square law be 
assumed, it also represents the shape of the contours of 
equal sound pressure, with the radius in the plot repre- 
senting the distance from the siren. The directivity index 
of the pattern is 11.8. 


feet high so that the effect 4 ground reflections 
could be eliminated. The ] tcedure was to vary 
the height of the micropho: • so that the heights 
and levels of the maxima , ul the minima could 
be determined. The minii t were quite sharp, 
and the levels at the min na were from 10 to 
15 db below the levels , the maxima. The 
positions of the maxima an minima agreed very 
well with those calculated : geometric methods 

using an amplitude reflect! t coefficient of 70 to 
80 percent, and a phase inv* sion at the reflection 
from the ground. The grot ,d was covered with 
thick grass in the area wh, e the measurements 
were made. 

The directivity pattern Attuned in this way 
is shown in Fig. 7. The ve ies there given have 
been corrected for ground . llections so that the 
pattern shows the direct', tty under free field 
conditions. It has a directi tv index of 11.8. 

Measurements were als. made of the levei 
with full output at distances of 5, 8, and 15 feet 
from the siren. These measurements indicated 
an effective source six inches behind the plane 
of the mouths of the exponential horns, and were 
extrapolated to indicate a free field level of 135 
db at a distance of 100 feet. 

A source of sound which produced a level of 
135 db at a distance of 100 feet in every direction 
would represent a power of 369 kilowatts or 495 
horsepower. With a directivity index of 11.8, the 
power represented is only 41.9 horsepower. This 
figure is to be compared with the 60 horsepower 
which was obtained by mapping the mouth of 
the extension horn. 

The pattern method is believed to yield results 
t hnt are less reliable than those obtained bv 
mapping the horn, for the tevel fluctuations iu 
the open sound field were found to be much 
greater, extending over a range of about five 
decibels. 

The conclusion of the discussion of the third 
method is that the results are not inconsistent 
with those obtained by mapping of the horn 
opening, but they do suggest that the efficiency 
obtained by the latter method should be reduced. 

Summary 

The total output powers yielded by the three 
different kinds of measurement are 50, 75, and 
52 horsepower, respectively. The result obtained 
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DISTANCE FROM SIREN IN FEET 

Fig. 8. A plot showing the maximum sound levels measured at distances from zero 
to 17,500 feet. The crosses represent measurements made with a sound meter in a boat 
in Barnegat Bay with a strong wind blowing against the direction of sound propagation. 
The open circles represent measurements in the marsh with a sound meter, and the 
solid circles show the levels measured with the shielded microphone. The levels in the 
mouths of the extensi and the exponential horns, and also in the throat of the expo- 
nential horns, are also vlicated on the plot. 


by the second method is certain y too high. On 
the basis of a total input power of 69 horsepower 
(49 from the airstream and 20 -om the rotor), 
the efficiencies are respectively 2, 109, and 75 
percent. The first method is tin most accurate, 
and the last the least accurate. 

Dependence of Sound Level an Distance 

During the tests, the sound lex d was measured 
at distances from the siren rang ng from zero to 
more than three miles. 

The path in the direction of t e principal lobe 
of the siren’s directivity pattern led over a 
marsh for about a third of a nice, and then led 
over the water of Barnegat Bay for a distance 
of six miles. 

Figure 8 shows a synoptic pic lire of the levels 
obtained with the seven-foot: extension horn. The 
levels shown are the maximum levels observed. 
At large distances, the level fluctuated over a 
range of about 20 decibels. (In both of the 
occasions when measurements were made over 
the surface of the water, a 20 to 30 knot wind 
was blowing from the boat toward the siren. 


The level of 170 db at the mouth of the 
exponential horn is calculated by energy con- 
siderations from the average level of 164 db at 
the mouth of the extension horn. Actual meas- 
urements of the level at the mouth of the expo- 
nential horns gave results at some points as high 
as 174 db. 

The energy level of 184 db, at the throat of 
the exponential horns is calculated from a total 
sound power of 50 horsepower, or 37.3 kilowatts. 
Since the area of the horn throats is 22 in. 2 , the 
power density must be 1695 watts/in. 2 , or 263 
watts/cm 2 . The last figure corresponds to 184.2 
db. 

The Test in New York City 

Because so little information was available 
about the propagation of sound in cities, particu- 
larly in areas with a number of tall buildings, it 
was decided to make a test of the siren as an 
air-raid warning device in New York City. 

For this purpose, the truck with the siren 
mounted upon it was driven to the center of the 
Manhattan Bridge, and was placed in such a 
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Fig. 9. A map showing the results of the test of the siren in New York City on March 4, 1942. The heavy lines s. nv the 
contours of equal free-held sound pressure based on detailed tests in New Jersey, plus the assumption of the iverse 
square law. (Refer to Fig. 7.) The numbers within the open rectangles indicate the levels measured on the roo: of tall 
buildings, and the numbers within the open circles indicate the levels measured in the street. It will be noted ! it the 
roof-top measurements agree remarkably well with the expectation that they should be three decibels greater t .n the 
free-held contours, but that the levels in the street are very roughly fifteen decibels less than the contours, \v h the 
exception ot the two observers who were not shielded by tall buildings. The map also show's the qualitative es. nates 
made by members of the radio motor patrol service of the Metropolitan Police; the solid circles indicate an a, quate 


signal, the solid squares indicate a faint signal, and the solid 

position that the major lobe of the directivity 
pattern extended in the direction of the financial 
district, as shown in Fig. 9. 

Observers equipped with sound meters were 
stationed at the points indicated by the open 
circles and rectangles. The figures within the 
circles and rectangles indicate the sound levels 
which were measured. The rectangles refer to 
measurements which were made on the roofs of 
tall buildings, from which the siren was directly 
visible. The circles refer to measurements made 
in the street at ground level. It will be noted 
that, whereas the roof-top observers measured 
levels quite consistent with the contours which 


triangles indicate that the siren was not heard. 

were drawn on the map on the basis ; the 
inverse square law, the levels measured i the 
street appear to be roughly fifteen decibc less, 
with the exception of the two ground obt rvers 
who were not shielded from the siren l . tall 
buildings. 

CONCLUSION 

This paper has described the theory, <; 'sign, 
and testing of a siren with a power out at of 
approximately fifty horsepower and w. i an 
efficiency of approximately 70 percent. 

The most important features of this sire from 
the point of view of realizing a high efficier y are 
an acoustically correct horn to provide the roper 
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impedance for the ports to work into, a separate compressor to provide a large air flow at 
low excess pressure, ports having peripheral dimensions that are small compared with the 
wavelength, and a high ratio of blade width to part width. 

The tests confirmed within the errors of measurement the results of the theory 
developed in Part I. 
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A Powerful High Frequency Siren* 

C. H. Ai.i.k.v and 1. Rudnick 


lh: nrlment of Physics, The Pennsylvania 

This paper describe- the design, construction and per- 
formance of a high intensity, high frequency (3-34 kc) 
siren and some rather striking phenomena which occur in 
the intense sound held produced by it. The siren is of the 
usual type consisting ol a rotor which interrupts the flow ot 
air through orifices in a stator. The rotor consists ot a disk, 
approximately 6 in. in diameter, with 100 equally spaced 
slots and is driven by a small "I hp high speed motor whose 
speed is varied by changing the applied voltage. The 100 
corresponding holes in the stator tire circular in section. 
For belter radiation the lower frequencies a plywood 


IN PRODUCTION 

T HIiRK has I veil a need in our work for a 
portable, directional, and trainable sound 
source capable o' producing extremely high 
acoustic intensities and power outputs in air, 
over the frequency range of 3-30 kc. A survey of 
existing sources revealed none yielding sufficient 
power. A study of theoretical possibilities of 
various typos led to the conclusion that the siren 
was most promising, especially in view ot the 
success of the low ireqtienev siren of the Hell 
Telephone 1 .aboraf ories. 1 

Tile siren has been built and has proved to 
be a convenient, efficient and practical labora- 
tory instrument, it can be operated in any 
orientation. During' the past few months it has 
had about 200 hours of operation and is still in 
good condition. V hit ordinary precautions this 
appears to be but a small portion of its useful 
life. 

Recently some structural changes were made 
in the siren to allow for higher air flow and 
pressure. A tenfold increase in acoustic output 
was obtained. However, since experimentation 
with this latest model has just begun, the dis- 
cussion is restricted to the lower-power model, 
except in the hist section which describes striking 
phenomena resulting from the high acoustic 
power produced by the latest model. 


‘This work was dr e under Contract No. W-36-039 
sc-32001, f. S. Arms’, Signal Corps engineering Labora- 
tories, Hradley Reach, J. 

1 R. Clark tones, J. Cons. Soc. Am. 18 , 371 (1046). 


State College, State College. Pennsylvnnhi 

horn is mounted on the siren. The siren itself is small, and 
may be operated in any orientation. In its initial form, 
operating with chamber pressures in the neighborhood ot 
0.2 atmosphere, its measured efficiency was between 17 
percent and 34 percent in the frequency range 3 to D kc 
with an acoustic output between 84 and 176 watts. There 
is a fair amount of parasitic noise, but it is negligible com- 
pared to the signal. With recent modifications, chamber 
pressures of about 2 atmospheres were obtained, yielding 
acoustic outputs of approximately 2 kilowatts;, and an 
efficiency of about 20 percent. 


DESIGN AND CONSTRUCTION 

Figure 1 shows the essentials of the siren in a 
cross section view. In any siren there are the 
following components: a source of air, a rotor 
which interrupts the air liow at the frequency of 
the sound desired, and ports in a stator through 
which the air escapes. 

In the prosen tease the sourceol air is a laboratory 
air line which connects to the chamber through 
three equally spaced air inlet tubes and supplies 
approximately 60 at ft/ min. The deflecting plate 
acts to distribute the air around the chamber. 

The rotor is driven by a Dumore \V2 motor 
which is rated at § lip with an input of 710 watts 
and a speed of 133 r.p.s. It: has been operated at 
speeds as high as 340 r.p.s., under the load 
imposed bv the siren, when the power input, was 
approximately 1200 watts. I'ortunately this 
higher speed provided increased cooling and no 
serious overheating resulted. The motor speed 
is easilv controlled by a Yariac when operated on 
a.c., or a rheostat when on d.c. 

There are 100 conically shaped ports in the 
stator, equally spaced on a 6-in. circle. They are 
circular in cross section, 0.3 in. long, with 
diameters of 0.094 in. and 0.188 in., respectively, 
at the throat and mouth. The throat diameter is 
half the distance between centers. The total area 
of the openings is 4.43 sq. cm. 

The rotor (Fig. 2) has 100 teeth, which are 
slightly wider than the ports to assure complete 
closing of all ports at the same time.- The ad- 

- The same purpose would be met equally well it the port 
throat diameters were less than half the distance between 
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jacent surfaces of tile rotor and stator .ire ground 
plane and lapped so that extremely rlose opera- 
tion (about 0.001 in.) is possible. 1 his reduces 
wasteful air leakage when the ports are closed. 
Fine clearance adjustment ran be obtained 
aceurateh b\ means ot the screw, in the center 
of the stator, as illustrated by lay. 1, which 
presses ayum-i a lloatiny bearing on the end ol 
the rotor shaft . I his presses the rotor and shall 
as a unit ayainst a spriny loaded beariny m the 
base of the motor, and provides positive, lixetl. 
minimum clearance rcyardlcss ol any expansion 
of the shall caused by heatiny. Air passayes 
throuyh thy rotor allow equalization ot pressure 
oil the two sides to prevent excessive loads on 
the bearinys. 

At hiyh oper.itmy speeds stresses become im- 
portant. Therelore, the rotor was made ot the 
hiyhest tensile strenyth aluminum alloy com- 
mend. illv tnmilable ( 1 )ural 75ST, tensile strenyth 
St), 000 lb in.-’ i . Its shtqie follow s the curve: 

y = A exp — /mb 

where v is the thickness and .v the radius. In a 
disk with svmmetry about its mid-plane this 
shape yives uniform stress throuyhout the rotors 1 
The estimated safety factor exceeds the value ot 
10 at the hiyhest speed ol operation. 

For frequencies ot about 30 ke the ports them- 

rrim-rs. and the ruler leelh wen- equal te the open space 
Irejween the teeth, this would he prelerahle since it would 
result in greater efficiency (,se£ reference 1 ). 1 he present 
-[).i< i ner i- siniph’ the result of inodihcalions which had to 
I ic made on an earlier model. 

; A. Mot-lev, Siren Hill n.f Materials i Longmans, C.reen and 
t ’(impain-, New d ork, e m h t h (-diiion, p. sS8. 


selves are yood radiators. At lower frequencies 
better radiation is obtained by addition of the 
plywood horn shown in Fiy. T It has an exponen- 
tial taper, which tor an infinite horn yives a 
theoretical cut-oil trequenev ot 1 kc. I- iyure 4 
is a phot oyraph lookmy dow n m t o t he horn . I he 
siren ports are visible between the central and 
outer ] >ort ions ol t he unit. 

Fiyure 5 is a photoyraph ol the siren without 
the horn. The heiylit from base to top of adjusl- 
iny screw is 1 1T in., the diameter of tliil chamber 
7.5 m. It weiyhs 55 pounds. It has rubber 
mountinys and is \-irtu;illy vibration tree. 

Xormallv the siren is openited in a small 
anechoic enclosure. It is necessary to wear ear 
delenders ol some sort when the door is opened 
duriny operation ot the- sired, especially at 
audible trequei icies. 



Fm. 2. Ro r. 
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lie. ('mss sect: m nt t Inc plywood c\| mcntial hurn 
in ; s isit ion on t he siren. 


PERFORM ANCE CHARACTER : STICS 
Acoustic Measuremem 5 

Sound intensities were measured with two dif- 
ferent microphones. Where the eld patterns 
were relatively broad, a Brush Stc third Hydro- 
phone i typo BM-101) was usee Its rubber 
housing ot t ht- crystal is ij in. in 'iameter and 
1-J in. in length and it is calibrate to 60 kc. for 
plane waves in air. On the other h ad where the 
intensities were much less uniform or in narrow 
channels, as in the throat of the h rn, a smaller 
Rochelle Salts crystal microphone, developed in 
this laboratory, was employed. Its < mensions are 
s X ih X in., and it is calibrated it air to 80 kc. 
Below 80 kc it is essentially Iho Above that 



Flu. 1. Photograph ol the horn in position siren ports may 
In' seen in tin' l hroat ol the ! at. 


frequency its response drops and does not return 
to its lower frequency value. 

Sound Patterns 

The field pattern of the siren was investigated 
at several frequencies with and without the horn. 
The angular distribution of intensity (in db rela- 
tive to 10~ 16 watts/cm-) at a distance of 25 cm 
from the center of the siren face, and at a fre- 
quency of 3.25 kc, is depicted in Fig. 6. The peak 
intensity is 145 db; the points are experimental 
and the solid curve is the calculated directional 
pattern at a great distance from a ring source 
having a diameter of 6 in., the intensity being 
matched at the center. Most of the energy is in 



Fr<;. 5. Photograph of complete siren. 


I lit' rcMitral 1 o1h\ The heavy dashed lint’s show 
the geometric shadow east by the adjusting 
screw. 

Figure 7 depicts the field pattern at the same 
trcquency obtained with the horn in place. The 
solid line is a smooth curve through the experi- 
mental points. Here the peak intensity is seen to 
Ik- increased 10 db and the central lobe broadened 
resulting in an increase in total output’ power 
greater than 10 to 1 . 

Results without the horn at 16.4 kc. are pre- 
sented in Fig. 8. '['lie solid, calculated curve and 
l he experimental points are seen to be in good 
agreement. Approximately 00 percent ol the 
output power is contained in the first 40° on 
either side of the axis. At this frequency, the horn 
increases the axial intensity bv only 3 db (see 
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Fig. h). The pattern is slightly broadened, but 
still closely resembles that for a ring' source. 

Efficiency and Power Output 

The efficiency and power output of the siren 
with the plywood horn in place were measured 
by two methods: first, thermodynamically as 
described by Jones, 1 and second, acoustically, 
utilizing a calibrated microphone. 

'Idle data at a number of frequencies appear in 
Table 1. 'They were taken at relatively low 
chamber pressures and volume flows, and hence 


the powe> 

itputs given do not represent 

the 

maximum 

lues available. 



nermodynamic Method 
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ig. 8. Field pattern, 
16 1 kc, microphone 25 ni 
frc n center of siren face. 
Sc : d curve; theoretical; 
dr hed curve, exp- -i - 
it" ital. 



a" lount correspoiu :ng to an adiabatic, reversible 
c mansion from th chamber pressure to atmos- 
i eric pressure. '1' us the efficiency of the siren 
i the ratio of tf measured temperature dif- 
f ence to that c '"responding to an adiabatic 
r "ersible expanse a between the two pressures. 

The basic quan: y to be measured then, is the 
c erence bctwee tlie temperature of the air 


immediately below and above the rotor, as illus- 
trated in Fig. 10. d'he vertical separation between 
the internal and external thermocouple was kept 
small, about -jV in., in order to minimize the 
effect of the dissipation of rotor energy in the 
form of heat. This was relatively important 
since at the high frequencies the rotor power 
requirements were large. Thus at 3.3 kc, 60 watts 
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1 AHi.lv I. Acoustic ( ) 1 1 ( i > 1 1 1 .md Klticiency Measured 
Acoust ically .Mid Thermodynamically at Various Frequen- 
cies. 
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of electrical pow er was used in running the motor 
.md rotor; at 10 kc, 160 watts; at 18.6 kc, 350 
watts; and at 54 kc, 1200 watts. 1 

Despite the precaution ot keeping the thermo- 
couples close to each other, the heating produced 
by the rotor reduces the temperature difference, 
especially at the higher frequencies. In fact at 
33 kc this source ot error is sufficiently large to 
lead to a reversal in the sign ot the temperature 
diflerence. 

( file further source of dilhcultv is the tact that 
the temperature indicated by the junction in the 
ports is a function ot its position. The tempera- 
ture measure! 1 is lowest in the axial region and 
increases considerably as the junction approaches 
the walls. 'This is due in part to the fact t hat the 
stator is warmer than the air entering the ports 
and consequently heats it and also radiates heat: 
to the thermocouple. In till cases the temperature 
was measured in the axial region. 


Acoustic tethod 

'Pile acoustic determinat on was carrie- , through 
by measuring the level in he horn at pc, lilts 6 cm 
above the stator and in t grating over the area 
at this height. The small microphone was used. 

Observations with tin* microphone . oy oscil- 
lograph and harmonic a. ilysis) emph. sized an 
important feature ol Ins i intensity, nigh fre- 
quency sources and wav For very high inten- 
sities, corresponding, for istancc, to tl e powers 
listed in Table I, a wave ;s subject, while being 
propagated, to finite at plitude diems which 
cause it to change shape, ne form toward which 
it tends being “saw toot,).” 8 The di: lance of 
propagation in which this is effected decreases 
with increasing intensity and freque .cy. We 
have found that .above 8 k. this chang is prac- 
tically complete in the 6 cm of propagat. m in the 
horn. Thus the nature of th propagatio t of high 
amplitude waves is such tha for high fre atencies, 
regardless ot the purity of e initially reduced 
wave, at relatively short distances worn the 
source the wave will be rich l harmonic . On the 
other hand for low frequet ies, the w. r es may 
be very nearly pure lor lar distances. 

In obtaining the data < Table I, t ;i e levels 
were read from a tlal amplil r without c rrectioil 
for the freepteney eharaci istic of tl. • micro- 
phone. In view ot the high armonic c ntent of 
the waves due to the tiniti nplitude ( ect it is 
clear that these readings Id lovvr i tensities 

than actually exist in the s d wave. T ,s factor 

operates ind(‘pendent ly ol 1 in additT t to any 

attenuation caused by i, ased abso it ion of 

the higher harmonies wh: ire produ, d when 

tile wave shape become:- -toothed, t is our 


’ll -lii’iilil In- j >i n t t‘i 1 out I ha i the I hen i m m I v n.uii i< ■ 
method gives die efficiency ol conversion ol the energv in 
I he air si ream into sound energy and does not take into 
account the energy used in running the rotor. This measure 
ot efficiency can Lie justified on two accounts. In the first 
place, us the air stream power is increased the rotor power 
becomes a smaller part of the total (Tor example at 18.9 kc 
with an ait stream power of 488 waits the power to run the 
motor and rotor is about 72 percent, of this value, to be 
coni pa red with 8 percent when the air stream power is 9.8 
kilowatts. 1 . 1 lms in the region in which the output is a 
1 in ear 1 u net ion of t lie inpu l , t lie overall efficiency (including 
i he energy going into the motor .' approaches that calcu- 
lated. Secondly, the power required to run the motor 
bears much the same relation to the mivu operation as 
field {'oil power does to the operation ol an elect rodvnamic 
speaker the power sources art 1 both rheap and highly 
accessible and are therefore of little consequence. 


GA 'METER 
UIT 



h i(» . 10. Section view showing the position ot ! w thermo- 
couples for thermodynamic mens remen is. T:.e vertical 
separation is about -, 1 ,; in. 

5 R. I.). Kay, j. Aeons. Soc. Am. , 222 -241 ( 941). 
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■elief that this, more than any other single item, 
units the production of a pure signal of high 
ltensity and frequency at a reasonable distance 
rom a sound source. It is regrettable that there 
■5 a paucitv of theoretical and experimental work 
n this subject. ■ 

It would seem that for high frequencies, both 
lie acoust e and thermodynamic procedures lead 
o lower ‘ alculated efficiencies than probably 
ctually exist. This max - well explain the drop in 
fficiencies in 'Fable I as the frequency is in- 
rcased. h view of all these; considerations, the 
greement between the two methods is better 
han could be hoped for. 

1BSERVATONS IN THE INTENSE SOUND FIELD 

The foil nving results were obtained with the 
iren operating at the levels given in 'Fable I. 
’he frequency most used was 700b c.p.s. 

Sonic Wind and Pressure 

As was seen, the radiation pattern ol the siren, 
rit h or without the horn, has a pronounced 
entral lobe. It has been found that in this 
cntral region there is a relatively strong current 
>f d.c. air flow away from the siren. This "sonic 
.vind" is associated with the acoustic wave 
ather than the d.c. How of air from the siren. 
Fo demonstrate this the latter was deflected out 
if the sound field by means of screens made of 
tlieese elm In With these in place, the wind 
velocity in the central region w;u measured with 
full air tlow, both when the siren was rotating, 
and when b was stationary with the ports fully 
open. In the latter case air velocities were well 
below 1 m sec, while with the seen in operation 
velocities as high as 7 m see. were measured. 
Moreover the sonic wind was greatest in the 
regions wlwrc the acoustic intensity was maxi- 
mum. It is obvious that since the sonic wind is 
not associated with the d.c. supply ol air through 
die siren, the air must come from points outside 
the siren and outside the axial egion. Indeed 
this was confirmed by direct o 1 creation. 'Flic 
flow pattern thus resembles a spn ding fountain, 
the air flowing up the axis, then < rving outward 
and descending at some distant from the axis 
again to be fed into the central spout, the energy 
to keep the fountain going being mpplied bv the 
sound. 


F R it (_) ITNt Y S I R H N 8oA 

Associated with the sonic wind, there were sig- 
nificant departures, both positive and negative, 
of the mean pressure from atmospheric. 'File data 
are too meagre for any conclusions to be drawn, 
suffice it to say that deviations of more than 100 
dynes cm 2 have been measured. 

Dust Patterns 

Properties of the direct radiation pattern, such 
as are shown in Figs. 6 b, can be rendered visible 
by means of dust particles. In one such experi- 
ment: fine sawdust was sprinkled on a cloth 
screen supported parallel to the face of the siren 
and approximately 15 cm above the face of the 
horn. 'Fhe sawdust then collected in concentric 
rings, demonstrating clearly the circular svm- 



n> 

Fu;. 11. Dust, patterns on horizontal silk screen 15 cm 
above the horn, about 20 kc; (,i) in free held, lb) super- 
posed interference pattern when a plywood re tier tor is 
inclined to the screen a was' from the observer. 
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metre, ol tlir rad in l ion p.n i crn. figure 1 1 uil is a 
photograph of the pattern obtained with ;t 22 ke 
signal. I he interference ji.tt tern produced by the 
direct radiation and that relleeted from a j >1 \- 
wood reflector, whose pltine is at ;m angle of 
about 35° relat ivc to the siren face, the screen 
being in the s.nne position as in the previous 
future, is shown in Pig. 1 1 (J>). 

1 he fonnation of patterns in this manner was 
possible only after the screen was given a thin 
routing of graphite to make it electricalb coti- 
ducting. Prior to this, such high electrification 
occurred almost immediately, that the sawdust 
would elmg to the screen and not move. After 
the sound was shut off, the- charge jiersisted so 
that the screen could lie inverted and shaken 
without dislodging the sawdust. 

Burning Sensation 

Another effect which was noticed early was 
the burning sensation jiroduced when the out- 
stretched hand is held, with the fingers together, 
in the radiation field. The heating is felt to occur 
at those parts of the fingers which are close but 
not quite touching. I his occurs almost immedi- 
ately, but may be relieved by sjireading the 
fingers. Otherwise a painful burn may result. 

This burning effect is associated with a real 
temjierature increase as was indicated by tajiing 
a t hermocoujile to a finger. The effect could be 
simulated by using soft rubber tubing in place of 
the fingers. Temjierature increases of as much as 
45°C were measured. On the other hand the effect 
could not be dujilicated with stiff rubber tubing 
or with glass rotls — the temjierature rise in these 
cases was less than 1°C. 

hinally, in an ambient sound field of 165 db, 
the crystal microphone inserted between two 
fingers read 178 db when the burning sensation 
occurred. 

\\ hi le the data are inconclusive, we are inclined 
toward the working hyjiothesis that the heating 
is jiroduced by the damjiing of vibrations, not 
necessarily of the same frequency as of the 
sound, which are set uji in the fingers by the 
intense sound field in the region between them. 

Phenomena in Standing Waves 

A standing wave of sorts, can be obtained In- 
setting up a suitable reflector in the sound beam. 


All I . K l NICK 

1 his is no ipnmed, of course, bv an increase 
in sound j. sure level. Levels of about 170 db 
have beet, measured. Some rather striking 
effects ore . similar to those observed by St. 
( lair" usin.t m electromagnetic sound generator. 
Loins, sma bn! Is, and other small objects float 
at theveku , ant inode surfaces, being sujijioned 
only by tin acoustic radiation. It is interesting 
that object- doming at the same or neighboring 
level tend 0 attract each other. Two balls in the 
same ant ini .■ surface float in constant cont..ct 
and when t ncy are in neighboring levels die 
upper ball w 1 follow the lower on i t s vanderf.gs 
in the field, i rh staying at its respective veloe ly 
antinode stn ice. 

Heating by Acoustic Absorption 

As tuts been mentioned, intensities of 16(i lb 
are available in the tree radiation held. lis 
corresjxmds to 1 watt end, an energy llov so 
large that it should cause a measurable risi in 
temjxTat ure in an absorbing material. With ais 
jntrjiose in mind a half jiint thermos bottle as 
tilled with absorbent cotton. When its ojxm , ad 
was cxjxised to a 7 kc signal the cotton can ht 
lire in 17 min. Incidentalh after smothering lie 
lire the cotton was found o have been burn in 
the first inch only, iiuliea dig dramatically t at 
most ot the acoustic cm gy was absorbed in 
traveling through 1 in. ot otton. 

Ihe attemjit was tin made, actually to 
measure the intensity o: inch sound field: in 
terms ol the rate of P literature rise in m 
absorbing medium of ki vn heat capacity A 
thermos bottle was then re filled with coj er 
turnings juacked to form good absorber. ue 
resulting system was \ y close to ther al 
equilibrium at all times With a tempera! re 
rise of 3.5° min., a capai • of 22.6 cal/deg, me 
1 lower cute mg the botti was calculated tx oe 
5.6 vat ts. !\ easurements 1 h a microphone t re 
5.9 watts. ubsequent t s indicate that is 
exjieriment ms conclude! i nearly the optin ill 
intensity fc best results .t much lower in ,i- 
sities radia non and com ction losses beo tc 
significant v nile at much igher intensities . w 
jihenomena re introducet which require a n re 
elaborate tx unique than ; a simjile one outli d 

6 H. VV. St. lair, Rev. Set. 


i. 12, 250 . 1941). 
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ab : in nrde ' to obtain reliable results. Since 
th< new phenomena are not yet entirely under- 
stc <1 disemsion of this type of measurement 
at higher uitensities will fie delayed until a 
lat paper. 

E ERIMEN" S WITH HIGHER POWER SIREN 

e preceding discussion has concerned itself 
on dv with die siren as originally constructed, 
op it.ing at i chamber pressure of about 0.2 
at - ssphere ai d air tlow of 2.5 XlO' 1 co/sec. this 
set m is coin Tiled only with the latest siren for 
wl h an acoustic power output exceeding 2 kw, 
wi an efficiency of about 20 percent, has been 
in aired. We propose to study this higher poever 
sr i in considerable detail and to report on it 
la '. At pres nt we shall give only a brief (le- 
st ition of s >me of the rather striking phe- 
iv :ena obser 'ed with it. 

he suspension ot objects in a standing wave 
lit i may be demonstrated rather spectacularly 
w l (he increased power. 'Thus it has been pos- 
si ' to lloat simultaneously as nun y as seven 
g! ,s marbles ;[ in. in diameter, n a single 
a: mode surface. The behavior of th ■ spheres is 

ir Testing. They cling together am! spin as a 
g> up with increasing angular velt dty, about 
ti central one in a horizontal plain , until they 
fl apart. If this spinning motion is r hibited, for 
c tuple by touching the group with a stiff ware 
p be, they stay in the field indet litely. It is 
si uificant that it is also possible i - float such 
si teres in the field in the absence of he reflector 
- lever achieved with the lower power unit. The 
o edition is unstable, however, unit as provision 
is made to keep the spheres centers . 

Similar interesting results occur when coins 
a- d other objects are “floated.” N«- systematic 
ii. -estigation of their behavior lr s been at- 
t< npted- --most, of our observations laving been 
n ide simply tor amusement. When i number of 
p nnies are placed on a stretched sil screen, the 
parameters can be so adjusted that the pennies 
d ' somersaults with " Rockette”-li! n precision ; 
or so that a penny can be made to i se slowly to 
a vertical position, appearing all : te while to 
be supporting, acrobatically, another which 
linallv assumes a horizontal positic above the 
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first penny and touching rim to rim. Also coins 
resting on the silk screen can be flipped a distance 
of a few feet by varying the frequency of the 
siren rapidly. 

As further demonstration of the high acoustic 
power, it has been possible to burn a cotton wad 
in 6 sec. or steel wool in about a minute by 
simply holding it in the hand a short distance 
above the siren. Moreover, a sample of Quietone 
placed behind 1 in. of very low density Fibreglas 
caught fire in 45 sec. The Fibreglas was necessary 
in order to reduce air circulation, fl o satisfy a 
skeptical colleague his pipeful of tobacco was lit 
without benefit of match or puffing by simply 
exposing the open end of the bowl to the intense 
sound for a short time. 

Finally, it may be recalled that M. Y. Colby 7 
in his textbook on acoustics asks how long one 
would hav e to talk to a cold cup of coffee in order 
to heat it for drinking if all the sound energy 
striking it were converted into heat. I he answer 
is betw een 75 and 20,000 years depending on how- 
close one gets to the codec. By way of a stunt 
it was decided to go a step further and hnd out 
how long the siren would have to talk to a codec 
pot in order to brew a cup of codec. In 7 min. 
the water boiled up in the makeshift “Silex” and 
a hot cup of black coflee was obtained. With a 
more efficient “stove”- an acoustic stove con- 
sists merely ot material which absorbs sound— 
the coffee could have been brewed in a shorter 
t imc. 
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(word processor parameters LM=8, RM=75, TM=2, BM=2) 
Taken from KeelyNet BBS (214) 324-3501 
Sponsored by Vangard Sciences 
POBOX 1031 
Mesquite, TX 75150 

There are ABSOLUTELY NO RESTRICTIONS 
on duplicating, publishing or distributing the 
files on KeelyNet except where noted! 
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ACOUSTIC RADIATION TEST 
USING AND ELECTRIC GUITAR 
Acoustical radiation forces have been shown to be able to levitate 
objects. The utilization of this force for the purpose of levitation 
is primarily dependent on the lower frequency sonics in a longitude 
mode; they provide a lifting force in the form of pressure wave 
harmonics. 

As shown in Figure 1, when the first fret E-chord on a guitar was 
struck through a distortion amplifier a state of motion was induced 
and minimal levitation sustained for up to 5 seconds at 
approximately 25 watts. 

Higher frequency chords gave only vibrational responses. The 
distorted oscillation of the guitar strings can induce propulsion 
due to the pulse of many sonic waves set in motion. 

In one test, shown in Figure 2. we proved that the harmonic 
frequencies of a guitar can indeed lift a speaker as high as a 
centimeter above the ground. 

We have also discovered that the lower the frequency notes, less 
amplification was required to sustain levitation. This suggests 
that levels below hearing in the 30 Hz range may produce the 
greatest results at lower amplification. 

On a flat surface, motion usually goes in the direction of highest 
weight offset. The weight tilts the speaker to change the direction 
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of pressure force. In order to gain sufficient lift, high 
amplification is required. I am unable to conduct adequate 
experimentation due to the overheating of speaker coils! No 
complete analysis of the situation has been preformed. 
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